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PREVENTING USE OF VAGAL
STIMULATION PARAMETERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/353,802, filed on Jan. 19, 2012, which claims
the benefit of U.S. Provisional Application No. 61/434,226,
filed on Jan. 19, 2011. The disclosure of the above applica-
tions are incorporated herein by reference in their entirety.

BACKGROUND

The disclosure herein relates to methods for treating heart
conditions using vagal stimulation, and further to devices for
performing such treatment. For example, methods and
devices to initiate, prevent, and/or adjust the delivery of vagal
stimulation based on monitored physiological parameters.

The use of nerve stimulation, e.g., stimulation of the vagus
nerve, for treating and controlling a variety of medical, psy-
chiatric, and neurological disorders has seen significant
growth over the last several decades, e.g., including the treat-
ment of heart conditions. The vagus nerve is composed of
somatic and visceral afferent fibers (which, e.g., convey
impulses toward the brain) and efferent fibers (which, e.g.,
convey impulses to an effector to regulate activity such as
muscle contraction or glandular secretion).

The rate of the heart may be restrained in part by parasym-
pathetic stimulation from the right and left vagus nerves. Low
vagal nerve activity may be related to various arrhythmias,
including tachycardia, ventricular accelerated rhythm, and
rapid atrial fibrillation.

SUMMARY

The disclosure herein relates generally to methods for
treating heart conditions using vagal stimulation, and further
to systems and devices for performing such treatment. Such
methods may include monitoring physiological parameters of
a patient, detecting cardiac conditions, and delivering vagal
stimulation (e.g., electrical stimulation to the vagus nerve or
neurons having parasympathetic function) to the patient to
treat the detected cardiac conditions.

One exemplary device for delivering vagal stimulation dis-
closed herein includes: monitoring apparatus, a sensing mod-
ule, a therapy delivery module, and a control module. The
monitoring apparatus is configured to monitor physiological
parameters of a patient and includes at least one electrode to
monitor the electrical activity of the patient’s heart. The sens-
ing module is coupled to the monitoring apparatus and is
configured to receive the monitored physiological param-
eters. The therapy delivery module is configured to deliver
electrical stimulation to the patient’s vagus nerve. The control
module is coupled to the sensing module and to the therapy
delivery module. Further, the control module is configured to:
detect a supraventricular tachycardia using the monitored
physiological parameters; initiate delivery of electrical
stimulation to the patient’s vagus nerve upon detecting the
supraventricular tachycardia; and analyze the monitored
physiological parameters after the delivery of electrical
stimulation to the patient’s vagus nerve. The control module
is further configured to: adjust the electrical stimulation deliv-
ered to the patient’s vagus nerve based on the analysis of the
monitored physiological parameters; terminate the delivery
of electrical stimulation to the patient’s vagus nerve after
exhausting adjustments to the electrical stimulation delivered
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to the patient’s vagus nerve; and initiate delivery of ventricu-
lar arrthythmia therapy to the patient’s heart following the
termination of the delivery of electrical stimulation to the
patient’s vagus nerve after the exhaustion of adjustments.

In one or more embodiments of the devices disclosed
herein, the control module is further configured to control the
delivery of electrical stimulation to the patient’s vagus nerve
to be synchronized to blanking periods associated with either
of'the P-waves or the R-waves within the electrical activity of
the patient’s heart. Further, the control module may be further
configured to adjust the electrical stimulation by changing the
synchronization of the delivery of the electrical stimulation
from synchronization with a blanking period associated with
one of either of the P-waves or the R-waves to synchroniza-
tion with the blanking period associated with the other.

Further, in one or more embodiments of the devices dis-
closed herein, the control module is further configured to
control the execution of at least one of: adjusting the electrical
stimulation if the R-R intervals within the electrical activity
of the patient’s heart have not changed in response to the
delivery of electrical stimulation to the patient’s vagus nerve;
adjusting the electrical stimulation if the P-R intervals within
the electrical activity of the patient’s heart have not changed
in response to the delivery of electrical stimulation to the
patient’s vagus nerve; and adjusting the electrical stimulation
if the morphology of the R-waves of the electrical activity of
the patient’s heart has not changed in response to the delivery
of electrical stimulation to the patient’s vagus nerve. Further,
exhausting the adjustments to the electrical stimulation deliv-
ered to the patient’s vagus nerve may include determining
that the adjustments have not changed at least one of the R-R
intervals, the P-R intervals, and the morphology of the
R-waves of the electrical activity of the patient’s heart.

Still further, in one or more embodiments of the devices
disclosed herein, the control module is further configured to
control the execution of at least one of: increasing the elec-
trical stimulation if the R-R intervals within the electrical
activity of the patient’s heart are less than a first selected value
(e.g., increasing the electrical stimulation may include at least
one of increasing the voltage of the electrical stimulation,
increasing the frequency of the electrical stimulation, increas-
ing the pulse width of each pulse of the electrical stimulation,
and increasing the number of pulses per burst of pulses of the
electrical stimulation); and decreasing the electrical stimula-
tion if the R-R intervals within the electrical activity of the
patient’s heart are greater than a second selected value (e.g.,
decreasing the electrical stimulation may include at least one
of decreasing the voltage of the electrical stimulation,
decreasing the frequency of the electrical stimulation,
decreasing the pulse width of each pulse of the electrical
stimulation, and decreasing the number of pulses per burst of
pulses of the electrical stimulation).

Another exemplary device for delivering vagal stimulation
disclosed herein includes: monitoring apparatus, a sensing
module, a therapy delivery module, and a control module.
The monitoring apparatus is configured to monitor physi-
ological parameters of a patient and includes at least one
electrode to monitor the electrical activity of the patient’s
heart. The sensing module is coupled to the monitoring appa-
ratus and configured to receive the monitored physiological
parameters. The therapy delivery module is configured to
deliver electrical stimulation to the patient’s vagus nerve. The
control module is coupled to the sensing module and to the
therapy delivery module. Further, the control module is con-
figured to: analyze the monitored physiological parameters
after delivery of electrical stimulation to the patient’s vagus
nerve; adjust the electrical stimulation delivered to the
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patient’s vagus nerve based on the analysis of the monitored
physiological parameters; and determine whether the
patient’s cardiac condition is worsening after the delivery of
electrical stimulation to the patient’s vagus nerve. The control
module is further configured to: terminate the delivery of
electrical stimulation to the patient’s vagus nerve if the
patient’s cardiac condition is worsening; store the parameters
of the electrical stimulation delivered to the patient’s vagus
nerve associated with the worsening of the patient’s cardiac
condition; and prevent, at a later time, delivery of the electri-
cal stimulation to the patient’s vagus nerve at the previously
stored parameters associated with the worsening of the
patient’s cardiac condition.

In one or more embodiments of the devices disclosed
herein, determining whether the patient’s cardiac condition is
worsening includes determining whether the monitored
physiological parameters of the patient indicate at least one of
atrial fibrillation, ventricular arrhythmia, mechanical func-
tional deterioration, and syncope. Further, terminating the
delivery of electrical stimulation to the patient’s vagus nerve
if the patient’s cardiac condition is worsening may include
terminating the delivery of electrical stimulation to the
patient’s vagus nerve if the monitored physiological param-
eters of the patient indicate at least one of atrial fibrillation,
ventricular arrthythmia, mechanical functional deterioration,
and syncope.

Still another exemplary device for delivering vagal stimu-
lation disclosed herein includes: monitoring apparatus, a
sensing module, a therapy delivery module, and a control
module. The monitoring apparatus is configured to monitor
physiological parameters of a patient and includes at least one
electrode to monitor the electrical activity of the patient’s
heart. The sensing module is coupled to the monitoring appa-
ratus and configured to receive the monitored physiological
parameters. The therapy delivery module is configured to
deliver electrical stimulation to the patient’s vagus nerve. The
control module is coupled to the sensing module and to the
therapy delivery module. Further, the control module is con-
figured to: detect a supraventricular tachycardia using the
monitored physiological parameters; initiate the delivery of
bursts of electrical stimulation to the patient’s vagus nerve
upon detecting indication of a supraventricular tachycardia
(e.g., each burst of electrical stimulation includes one or more
pulses); analyze the monitored physiological parameters after
the delivery of electrical stimulation to the patient’s vagus
nerve; and adjust the bursts of electrical stimulation delivered
to the patient’s vagus nerve based on the analysis of the
monitored physiological parameter. Adjusting the bursts of
electrical stimulation includes at least one of changing the
voltage of the bursts of electrical stimulation, changing the
frequency of the bursts of electrical stimulation, changing the
pulse width of each pulse of the bursts of electrical stimula-
tion, and changing the amount of pulses per burst of pulses of
the bursts of electrical stimulation.

One exemplary method for delivering vagal stimulation
disclosed herein includes monitoring physiological param-
eters of a patient (e.g., the electrical activity of the patient’s
heart) and detecting a supraventricular tachycardia using the
monitored physiological parameters. Upon detecting a
supraventricular tachycardia, the method includes delivering
electrical stimulation to the patient’s vagus nerve and analyz-
ing the monitored physiological parameters after delivering
electrical stimulation to the patient’s vagus nerve. The
method further includes adjusting the electrical stimulation
delivered to the patient’s vagus nerve based on the analysis of
the monitored physiological parameters, terminating the
delivery of electrical stimulation to the patient’s vagus nerve
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after exhausting the adjustments to the electrical stimulation
delivered to the patient’s vagus nerve, and delivering ven-
tricular arrhythmia therapy to the patient’s heart after termi-
nating the delivery of electrical stimulation to the patient’s
vagus nerve.

In one or more embodiments of the methods disclosed
herein, the delivery of electrical stimulation to the patient’s
vagus nerve is synchronized to blanking periods associated
with either of the P-waves or the R-waves within the electrical
activity of the patient’s heart. Further, adjusting the electrical
stimulation may include changing the synchronization of the
delivery of the electrical stimulation from synchronization
with a blanking period associated with one of either of the
P-waves or the R-waves to synchronization with the blanking
period associated with the other.

Further, in one or more embodiments of the methods dis-
closed herein, adjusting the electrical stimulation delivered to
the patient’s vagus nerve based on the analysis of the moni-
tored physiological parameters includes at least one of:
adjusting the electrical stimulation if the R-R intervals within
the electrical activity of the patient’s heart have not changed
in response to the delivery of electrical stimulation to the
patient’s vagus nerve; adjusting the electrical stimulation if
the P-R intervals within the electrical activity of the patient’s
heart have not changed in response to the delivery of electrical
stimulation to the patient’s vagus nerve; and adjusting the
electrical stimulation if the morphology of the R-waves ofthe
electrical activity of the patient’s heart has not changed in
response to the delivery of electrical stimulation to the
patient’s vagus nerve. Further, exhausting the adjustments to
the electrical stimulation delivered to the patient’s vagus
nerve may include determining that the adjustments have not
changed at least one of the R-R intervals, the P-R intervals,
and the morphology of the R-waves of the electrical activity
of the patient’s heart.

Another exemplary method for delivering vagal stimula-
tion disclosed herein includes monitoring physiological
parameters of a patient (e.g., the electrical activity of the
patient’s heart), delivering electrical stimulation to the
patient’s vagus nerve, and analyzing the monitored physi-
ological parameters after delivering electrical stimulation to
the patient’s vagus nerve. The method further includes adjust-
ing the electrical stimulation delivered to the patient’s vagus
nerve based on the analysis of the monitored physiological
parameters, determining whether the patient’s cardiac condi-
tion is worsening after delivering electrical stimulation to the
patient’s vagus nerve, and terminating the delivery of electri-
cal stimulation to the patient’s vagus nerve if the patient’s
cardiac condition is worsening. The method further includes
storing the parameters of the electrical stimulation delivered
to the patient’s vagus nerve associated with the worsening of
the patient’s cardiac condition and preventing, at a later time,
delivery of the electrical stimulation to the patient’s vagus
nerve at the previously stored parameters associated with the
worsening of the patient’s cardiac condition.

In one or more embodiments of the methods disclosed
herein, determining whether the patient’s cardiac condition is
worsening includes determining whether the monitored
physiological parameters of the patient indicate at least one of
atrial fibrillation, ventricular arrhythmia, mechanical func-
tional deterioration, and syncope, and terminating the deliv-
ery of electrical stimulation to the patient’s vagus nerve if the
patient’s cardiac condition is worsening includes terminating
the delivery of electrical stimulation to the patient’s vagus
nerve if the monitored physiological parameters of the patient
indicate at least one of atrial fibrillation, ventricular arrhyth-
mia, mechanical functional deterioration, and syncope.
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Further, in one or more embodiments of the methods dis-
closed herein, adjusting the electrical stimulation delivered to
the patient’s vagus nerve based on the analysis of the moni-
tored physiological parameters includes at least one of:
increasing the electrical stimulation if the R-R intervals
within the electrical activity of the patient’s heart are less than
a first selected value (e.g., increasing the electrical stimula-
tion includes at least one of increasing the voltage of the
electrical stimulation, increasing the frequency of the electri-
cal stimulation, increasing the pulse width of each pulse of the
electrical stimulation, and increasing the number of pulses
per burst of pulses of the electrical stimulation); and decreas-
ing the electrical stimulation if the R-R intervals within the
electrical activity of the patient’s heart are greater than a
second selected value (e.g., decreasing the electrical stimula-
tion includes at least one of decreasing the voltage of the
electrical stimulation, decreasing the frequency of the elec-
trical stimulation, decreasing the pulse width of each pulse of
the electrical stimulation, and decreasing the number of
pulses per burst of pulses of the electrical stimulation).

Still another exemplary method for delivering vagal stimu-
lation disclosed herein includes monitoring physiological
parameters of a patient (e.g., the electrical activity of the
patient’s heart, the chemical activity of the patient’s heart, the
hemodynamic activity of the patient’s heart, and/or the elec-
trical activity of the patient’s vagus nerve), detecting a
supraventricular tachycardia using the monitored physiologi-
cal parameters, and delivering bursts of electrical stimulation
to the patient’s vagus nerve upon detecting indication of a
supraventricular tachycardia (e.g., each burst of electrical
stimulation may include one or more pulses). The method
further includes analyzing the monitored physiological
parameters after delivering electrical stimulation to the
patient’s vagus nerve and adjusting the bursts of electrical
stimulation delivered to the patient’s vagus nerve based on the
analysis of the monitored physiological parameters. For
example, adjusting the bursts of electrical stimulation may
includes at least one of changing the voltage of the bursts of
electrical stimulation within a range of about 1 volt and about
8 volts, changing the frequency of the bursts of electrical
stimulation within a range of about 1 hertz to about 50 hertz,
changing the pulse width of each pulse of the bursts of elec-
trical stimulation within a range of about 0.2 milliseconds to
about 1 milliseconds, and changing the number of pulses per
burst of the bursts of electrical stimulation within a range of
about 3 pulses to about 20 pulses.

The above summary is not intended to describe each
embodiment or every implementation of the present disclo-
sure. A more complete understanding will become apparent
and appreciated by referring to the following detailed descrip-
tion and claims taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an implantable medical
device (IMD) operably coupled to a patient’s heart.

FIG. 2 is a block diagram of the IMD shown in FIG. 1.

FIG. 3 is a flow chart depicting an exemplary general
method of'treating cardiac conditions, e.g., using vagal stimu-
lation.

FIGS. 4A-4B are timing diagrams illustrating exemplary
methods of synchronizing bursts of electrical stimulation to
portions of the electrical activity of a patient’s heart.

FIG. 5 is flow chart of an exemplary method of adjusting
vagal stimulation for treating cardiac conditions.
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FIG. 6 is a flow chart of an exemplary method of delivering
vagal stimulation and evaluating termination criteria.

FIG. 7 is a flow chart of another exemplary method of
delivering vagal stimulation and evaluating termination cri-
teria.

FIG. 8 is a flow chart of an exemplary method of treating
various cardiac conditions.

FIG. 9 is a flow chart of an exemplary method of preventing
delivery of vagal stimulation based on deactivation history.

FIG. 10 is a flow chart of an exemplary method of treating
various cardiac conditions and delivering vagal stimulation
for protection against recurring arrhythmias.

FIG. 11 is a flow chart of an exemplary method of treating
acute myocardial ischemia/infarction using vagal stimula-
tion.

FIG. 12 is a flow chart of an exemplary method of deliver-
ing vagal stimulation during atrial tachycardia or fibrillation.

FIG. 13 is flow chart of another exemplary method of
adjusting vagal stimulation for treating cardiac conditions.

FIG. 14 is a flow chart of another exemplary method of
delivering vagal stimulation.

FIG. 15 is a flow chart of an exemplary method of deliver-
ing cardiac therapy.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Inthe following detailed description of illustrative embodi-
ments, reference is made to the accompanying figures of the
drawing which form a part hereof, and in which are shown, by
way ofillustration, specific embodiments which may be prac-
ticed. It is to be understood that other embodiments may be
utilized and structural changes may be made without depart-
ing from (e.g., still falling within) the scope of the disclosure
presented hereby.

Exemplary methods, devices, and systems shall be
described with reference to FIGS. 1-15. It will be apparent to
one skilled in the art that elements or processes from one
embodiment may be used in combination with elements or
processes of the other embodiments, and that the possible
embodiments of such methods, devices, and systems using
combinations of features set forth herein is not limited to the
specific embodiments shown in the Figures and/or described
herein. Further, it will be recognized that the embodiments
described herein may include many elements that are not
necessarily shown to scale. Still further, it will be recognized
that timing of the processes and the size and shape of various
elements herein may be modified but still fall within the scope
of the present disclosure, although certain timings, one or
more shapes and/or sizes, or types of elements, may be advan-
tageous over others.

Abnormal autonomic nervous activities, such as an
increased sympathetic tone and reduced parasympathetic
tone, may contribute to the progression of heart failure and
triggering of sudden cardiac death. Stimulation of the vagus
nerve (e.g., the parasympathetic fibers of the vagus nerve)
may reduce the progression of heart failure, may prevent
recurring ventricular tachyarrhythmias, may decrease infarct
size, may relieve myocardial ischemia, may assistin discrimi-
nating atrial tachyarrhythmia from ventricular arrhythmias,
and may control ventricular rate during supraventricular tach-
yarrhythmias, etc.

More specifically, the parasympathetic tone of the vagus
nerve may be increased by stimulating intracardiac parasym-
pathetic neurons in the location such as fat pads near the
superior vena cava (SVC) and inferior vena cava (IVC), tissue
near the AV node, the base of the right ventricle, and vagal
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nerves near the heart, which, in turn may improve cardiac
function, produce reversal remodeling, reduce myocardial
ischemia, reduce myocardial infarct size, and protect the
heart from life threatening arrhythmias. Further, the mecha-
nisms for cardiac protection by intracardiac parasympathetic
stimulation may involve inhibition of sympathetic activation,
vagal anti-inflammatory effects, reduction of cardiac work-
load, improvement of tissue perfusion, anti-arrhythmic
effects, induced hyperinnervation of the heart, maintenance
of normal ventricular rate during supraventricular tach-
yarrhythmias, etc.

The methods described herein may be implemented by one
or more various devices (e.g., implantable medical devices)
and systems. Such devices and systems may include one or
more leads, electronic circuits, power sources, sensors, elec-
trodes, fluid delivery devices, etc. One example of a medical
device that may be used in carrying out the methods described
herein is depicted in FIG. 1 as a schematic diagram of an
implantable medical device (IMD).

The IMD 10 may be configured to monitor one or more
physiological parameters of a patient (e.g., electrical activity
of a patient’s heart, chemical activity of a patient’s heart,
hemodynamic activity of a patient’s heart, and electrical
activity of a patient’s vagus nerve). The monitored physi-
ological parameters, in turn, may be used by the IMD to detect
various cardiac conditions, e.g., ventricular tachycardia (VT),
ventricular fibrillation (VF), supraventricular ventricular
tachycardia (SVT), atrial fibrillation (AF), atrial tachycardia
(AT), myocardial ischemia/infarction, etc., and to treat such
cardiac conditions with therapy. Such therapy may include
delivering vagal stimulation (e.g., electrical stimulation to a
patient’s vagus nerve), electrical stimulation for pacing the
patient’s heart 12 (e.g., bradycardia pacing, cardiac resyn-
chronization therapy, anti-tachycardia pacing (ATP), and/or
other pacing therapies), etc. Further, in at least one embodi-
ment, the IMD 10 may be capable of delivering high-energy
shock pulses for cardioversion/defibrillation therapy deliv-
ered in response to, e.g., tachycardia detections.

As used herein, “stimulation of the vagus nerve,” also
referred to herein simply as “vagal stimulation,” refers to
stimulation of neural tissue innervating the myocardium,
directly or indirectly, e.g., stimulation of one or more of the
vagus nerves or its branches (e.g., including the afferent and/
or efferent fibers), the sinoatrial (SA) nodal fatty pad, the
atrioventricular (AV) nodal fatty pad and along the great vein,
the cervical vagus nerve (e.g., the right or left side), the fat pad
located between the medial superior vena cava and aortic root
(SVC-Ao fat pad), the fat pad superior to the right pulmonary
artery, the fat pad at the IVC-left atrial junction (IVC-LA fat
pad), the fat pad proximate the right pulmonary vein-atrial
junction (RPV fat pad), the septal region of the right atrium,
the spinal cord (e.g., vertebral levels T1-T12, C1-08, etc. such
as described in U.S. Pat. App. Pub. No. 2002/0107552 A1 to
Hill et al., which is incorporated herein by reference in its
entirety), and additional intracardiac locations near the SA
node, AV node, coronary sinus, and base of the right ventricle.

The IMD 10, as shown, is configured to monitor physi-
ological parameters of the patient and to deliver therapy using
two leads. Although the IMD 10 depicted in FIG. 1 only uses
two leads, a single lead or more than two leads may be used
with the methods, devices, and systems described herein. For
example, the IMD 10 may use one lead that includes a single
electrode positionable near the atrioventricular node in the
base of the right ventricle. The single electrode may be used
for both atrial/ventricular pacing/sensing and vagal record-
ing/stimulation.
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As shown, the IMD 10 is coupled to two transvenous leads:
aright ventricular (RV)lead 14 and a coronary sinus (CS) lead
16. RV lead 14 includes a distal tip electrode 18 deployed in
the basal region of the right ventricle 2 in operative relation to
the AV node 32. Ring electrode 20 is spaced proximally from
tip electrode 18 for use in bipolar sensing and pacing in the
right ventricle 2. According to one embodiment, tip electrode
18 may be used in conjunction with IMD housing 30 (for
unipolar sense/stimulation) or ring electrode 20 (for bipolar
sense/stimulation) for sensing ventricular signals, for detect-
ing a ventricular rhythm, for delivering cardiac pacing pulses
in the right ventricle, for monitoring the ST segment, for
recording/monitoring the electrical activity of the vagus
nerve, and for delivering vagal stimulation pulses in the right
ventricle (e.g., for discriminating SVT and VT). RV lead 14
may further include coil electrodes 22 and 24 for use in
delivering high-energy shock pulses for cardioversion and
defibrillation therapies. Other embodiments may include
additional electrodes adapted for sensing and stimulating the
right atrium 6, either on a separate right atrial lead or included
along RV lead 14, recording the electrical activity of various
nerves (e.g., the vagus nerve), etc. Further, such electrodes
may be positioned relative to the SA node and or AV node for
vagal stimulation or for recording/monitoring of the electrical
activity of the vagus nerve (e.g., portions of the vagus nerve
located in the heart 12).

RV lead 14 may further includes sensor 36 used for sensing
signals other than cardiac electrical signals, such as mechani-
cal signals, e.g., accelerometer sensing, hemodynamic activ-
ity, flow (idem), myocardial acceleration, heart sound, tissue
perfusion, lung fluid status, etc., or blood chemistry signals,
e.g., temperature, oxygen saturation, pH, etc. In one embodi-
ment, sensor 36 is embodied as a pressure sensor (e.g., for
monitoring various blood pressures and pressure drops) to,
e.g., be used in verifying effective vagal stimulation. Further,
for example, sensor 36 may be an oxygen sensor, as disclosed
in U.S. Pat. No. 4,750,495 issued to Moore et al. on Jul. 31,
1989, a pressure transducer as disclosed in U.S. Pat. No.
4,485,813 issued to Anderson et al. on Dec. 4, 1984, a physi-
cal activity sensor as disclosed in U.S. Pat. No. 4,428,378,
issued to Anderson et al on Jan. 31, 1984, or a ventricular
impedance plethysmograph as disclosed in U.S. Pat. No.
4,535,774 issued to Olson on Aug. 20, 1985, all of which are
incorporated herein by reference in their entireties.

Coronary sinus lead 16 may be deployed in a cardiac vein
34 via the coronary sinus for positioning electrodes 26 and 28
in operative relation to the left chambers of heart 12. In
particular, in one embodiment, electrodes 26 and 28 are posi-
tioned near the AV node 32 to, e.g., allow electrical stimula-
tion of the vagus nerve for discrimination of SVT and VT, for
blocking conduction of the AV node 32, etc. Further, elec-
trode 26 may be positioned proximate the coronary sinus.
Electrodes 26 and 28 may also be used for sensing cardiac
signals and for delivering cardiac pacing pulses in the left
ventricle 4. It is recognized that coronary sinus lead 16 may
carry additional electrodes such as a coil electrode for use in
delivering high energy shock pulses, additional ring elec-
trodes, and/or atip electrode for cardiac sensing and pacing in
the left atrium 8.

Furthermore, the embodiments described herein are not
limited for use with transvenous leads as shown in FIG. 1. For
example, other embodiments may include the use of epicar-
dial electrodes positioned in operative relation to the fatty pad
near the SA node and/or the fatty pad near the AV node.
Further, subcutaneous electrodes may be incorporated on the
housing 30 of IMD 10 and/or positioned on subcutaneous
leads extending from IMD 10 for use in sensing cardiac
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signals and delivering electrical stimulation pulses, e.g., for
delivering cardiac pacing and shock therapies. Numerous
alternative electrode configurations may be appropriate for
vagal stimulation, including endocardial or epicardial elec-
trodes deployed near or adjacent the SA nodal and/or AV
nodal fatty pads or electrodes positioned along the vagus
nerve branches.

FIG. 2 is a functional block diagram of IMD 10 shown in
FIG. 1. IMD 10 generally includes timing and control cir-
cuitry 52 and an operating system that may employ micro-
processor 54 or a digital state machine for timing sensing and
therapy delivery functions and controlling other device func-
tions in accordance with a programmed operating mode.
Microprocessor 54 and associated memory 56 are coupled to
the various components of IMD 10 via a data/address bus 55.
IMD 10 includes therapy delivery module 50 for delivering a
therapy, such as an electrical stimulation or drug therapy,
under the control of timing and control circuitry 52. Therapy
delivery module 50 includes pulse-generating circuitry 51 for
generating electrical stimulation pulses (e.g., bursts of elec-
trical stimulation pulses) under the control of timing and
control circuitry 52. As will be described herein, pulse-gen-
erating circuitry 51 generates stimulation pulses for stimulat-
ing the vagus nerve.

For delivering electrical stimulation pulses, pulse-generat-
ing circuitry 51 may be coupled to two or more electrodes 68
via a switch matrix 58. Switch matrix 58 is used for selecting
which electrodes and corresponding polarities are used for
delivering electrical stimulation pulses. Electrodes 68 may
include lead-based electrodes, leadless electrodes incorpo-
rated on IMD 10, and/or the IMD housing configured for use
as a can or case electrode. Therapy delivery module 50 may
further include high voltage circuitry for generating high
voltage cardioversion/defibrillation shocks. Aspects of the
present disclosure may be embodied in an implantable car-
dioverter defibrillator including high voltage circuitry as gen-
erally disclosed in U.S. Pat. No. 6,731,978 to Olson et al.,
incorporated herein by reference in its entirety.

Electrodes 68 may also be used for sensing electrical sig-
nals within the body, such as cardiac signals and/or nerve
signals. Cardiac electrical signals are sensed using any of
electrodes 68 for detecting the heart rhythm and determining
when and what therapy is needed, and in controlling the
timing of stimulation pulses. In other words, the IMD 10
includes monitoring apparatus, which includes electrodes 68
amongst other things. As will be described herein, cardiac
electrical signals may be sensed following delivery of vagal
stimulation for adjusting the vagal stimulation, for verifying
the effectiveness of the vagal stimulation, and/or for detect-
ing, and/or discriminating between cardiac conditions (e.g.,
SVT, VT/VF, etc.). Nerve signals are sensed using any of the
electrodes 68 for detecting the electrical activity (e.g., para-
sympathetic activity, etc.) of various nerves.

Electrodes used for sensing and electrodes used for stimu-
lation may be selected via switch matrix 58. When used for
sensing, electrodes 68 are coupled to signal processing cir-
cuitry 60 via switch matrix 58. Processing circuitry 60
includes sense amplifiers and may include other signal con-
ditioning circuitry and an analog to digital converter. In other
words, the IMD 10 may include a sensing module, e.g.,
includes switch matrix 58, signal processing circuitry 60, etc.
Electrically sensed signals may then be used by microproces-
sor 54 for detecting physiological events, such as detecting
and discriminating cardiac arrhythmias.

The monitoring apparatus of the IMD 10 may further
include sensors 70 such as pressure sensors, accelerometers,
flow sensors, blood chemistry sensors, activity sensors, and/
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or other physiological sensors known for use with IMDs.
Sensors 70 are coupled to IMD 10 via a sensor interface 62
which provides sensor signals to signal processing circuitry
60. Sensor signals are used by microprocessor 54 for detect-
ing physiological events or conditions. For example, IMD 10
may monitor heart wall motion, blood pressure, blood chem-
istry, respiration, and/or patient activity. Monitored signals
may be used for sensing the need for delivering, adjusting,
terminating, and/or initiating therapy under control of the
operating system. In other words, the IMD 10 may include a
control module, which may include the microprocessor 54
and memory 56 and may be configured using an operating
system.

The operating system includes associated memory 56 for
storing a variety of programmed-in operating mode and
parameter values that are used by microprocessor 54. The
memory 56 may also be used for storing data compiled from
sensed signals and/or relating to device operating history
(e.g., for use in delivering, adjusting, controlling, initiating,
and/or terminating therapy) and/or for communicating such
data outside of the patient (e.g., using telemetry communica-
tion out of recorded history on receipt of a retrieval or inter-
rogation instruction).

IMD 10 further includes telemetry circuitry 64 and antenna
65. Programming commands or data are transmitted during
uplink or downlink telemetry between IMD telemetry cir-
cuitry 64 and external telemetry circuitry included in a pro-
grammer or home monitoring unit.

A generalized method 100 of treating cardiac conditions,
e.g., using vagal stimulation, is diagrammatically depicted in
FIG. 3. Method 100 is intended to illustrate the general func-
tional operation of the devices and/or systems, and should not
be construed as reflective of a specific form of software or
hardware necessary to practice all of the methods described
herein. It is believed that the particular form of software will
be determined primarily by the particular system architecture
employed in the device (e.g., IMD 10) and by the particular
detection and therapy delivery methodologies employed by
the device and/or system. Providing software and/or hard-
ware to accomplish the described methods in the context of
any modern IMD, given the disclosure herein, is within the
abilities of one of skill in the art.

Further, methods described in conjunction with flow charts
presented herein may be implemented in a computer-readable
medium that includes instructions for causing a program-
mable processor to carry out the methods described. A “com-
puter-readable medium” includes but is not limited to any
volatile or non-volatile media, such as a RAM, ROM, CD-
ROM, NVRAM, EEPROM, flash memory, and the like. The
instructions may be implemented as one or more software
modules, which may be executed by themselves or in com-
bination with other software.

The hardware used to accomplish the described methods,
may include any one or more of a microprocessor, a digital
signal processor (DSP), a controller, an application specific
integrated circuit (ASIC), a field programmable gate array
(FPGA), or equivalent discrete or integrated logic circuitry. In
one or more exemplary embodiments, the processor may
include multiple components, such as any combination of one
or more microprocessors, one or more controllers, one or
more DSPs, one or more ASICs, or one or more FPGAs, as
well as other discrete or integrated logic circuitry. The func-
tions and processes described herein may be embodied as
software, firmware, hardware, or any combination thereof.

The method 100 of FIG. 3 includes data collection 102.
Data collection 102 may include monitoring physiological
parameters of a patient (e.g., at least one physiological param-
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eter) such as, for example, the electrical activity of the
patient’s heart, the chemical activity of the patient’s heart, the
hemodynamic pressure of the patient’s heart, the electrical
activity of the patient’s nerves, physical movement (e.g.,
using an accelerometer) of portions of the patient’s heart, etc.

The electrical activity of a patient’s heart may include one
ormore signals that may be monitored (e.g., using electrodes)
from locations in or around the patient’s heart. Using such
monitored electrical activity of a patient’s heart, certain met-
rics may be determined and collected (e.g., for analysis). For
instance, the following metrics may be determined and col-
lected using the electrical activity of the patient’s heart: heart
rate (HR), heart rate variability (HRV), heart rate turbulence
(HRT), deceleration/acceleration capacity, deceleration
sequence incidence, T-wave alternans (TWA), electrocardio-
gram, P-wave to P-wave intervals (also referred to as the P-P
intervals or A-A intervals), R-wave to R-wave intervals (also
referred to as the R-R intervals or V-V intervals), P-wave to
QRS complex intervals (also referred to as the P-R intervals,
A-V intervals, or P-Q intervals), QRS-complex morphology,
ST segment (i.e., the segment that connects the QRS complex
and the T-wave), T-wave changes, QT intervals, electrical
vectors, etc.

The chemical activity of a patient’s heart may include one
or more chemical properties that may be monitored (e.g.,
using various sensors) from locations in or around the
patient’s heart. Using such monitored chemical activity of a
patient’s heart, certain metrics may be determined and col-
lected (e.g., for analysis). For instance, the following metrics
may be determined and collected using the chemical activity
of the patient’s heart: oxygen saturation, brain natriuretic
peptide (BNP) (proteins/peptides) content, pH, lung fluid
status, blood electrolytes (K+, Ca++, Na+, etc.), etc.

The hemodynamic activity of a patient’s heart may include
one or more hemodynamic pressures that may be monitored
(e.g., using various sensors) from locations in or around the
patient’s heart and/or in or around (e.g., outside of) the
patient’s body. Using such monitored hemodynamic pres-
sures of a patient’s heart, certain metrics may be determined
and collected (e.g., for analysis). For instance, the following
hemodynamic metrics may be determined and collected
using the hemodynamic pressures of the patient’s heart (e.g.,
using Medtronic OptiVol Fluid Status Monitoring): mean
arterial pressure, diastolic blood pressure, systolic blood
pressure, flow rates, pressure drops, pulmonary artery pres-
sure, pulmonary capillary wedge pressure, right ventricular
systolic pressure, right ventricular diastolic pressure, changes
in oxygen saturation of the tissue or blood, changes in the
amplitude or timing of heart sounds, changes in intrathoracic
impedance (e.g. Medtronic OptiVol Fluid Status Monitor-
ing), changes in intracardiac impedance, heart sounds, lung
sounds, tissue perfusion, intracardiac pressure, pulmonary
vein pressure, cardiac imaging, shear stress, partial pressure
of oxygen, etc.

The nerve activity of a patient’s heart may include one or
more signals monitored (e.g., using electrodes) from loca-
tions in or around the patient’s nerves. More specifically, the
electrical signals propagating along the one or more nerve
fibers of the patient’s vagus nerve may be monitored. Such
signals may include parasympathetic and sympathetic signals
propagating along efferent and afferent nerve fibers.

The data collected 102 may be analyzed to detect and/or
determine a cardiac event or condition 104. For example, the
monitored physiological parameters may be indicative of car-
diac arrhythmia, e.g., tachycardia (e.g., sinus tachycardia,
VT/VF, SVT, AF, AV nodal reentrant tachycardia (AVNRT),
AV reentrant tachycardia, junctional tachycardia, dual tachy-
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cardia, etc.), or heart failure decomposition. For example,
methods of detecting and/or determining particular cardiac
events or conditions have been disclosed, e.g., in U.S. Pat.
App. Pub. No. 2008/0269819 A1 to Zhou, which is incorpo-
rated herein by reference in its entirety.

Although an arrow is shown in FIG. 3 extending from data
collection 102 to cardiac event detection/determination 104,
the data collection 102 and the cardiac event detection/deter-
mination 104 processes may be executed concurrently as
opposed to sequentially or periodically.

Ifthe analysis leads to a SVT being detected 106 (e.g., if the
physiological parameters indicate that a patient is undergoing
a SVT), the method 100 then evaluates criteria 108 before
and/or during (e.g., periodically) the delivery of vagal stimu-
lation to, e.g., treat the SVT. Methods that include analyzing
physiological parameters for criteria and preventing the
delivery of vagal stimulation if the criteria are not met are
described in further detail herein, e.g., with reference to
FIGS. 6-7,9, and 12.

If the criteria are met, the method may deliver vagal stimu-
lation 110. The stimulation may be delivered to the vagus
nerve in many different ways. For example, the vagal stimu-
lation may be delivered in bursts of pulses of electrical stimu-
lation at various parameters. Such parameters may include
time (e.g., the vagal stimulation may be delivered for a
selected time period for each cardiac cycle), voltage (e.g.,
within a range of about 1 volt and about 8 volts), frequency of
the pulses within a burst of pulses (e.g., within a range of
about 1 hertz to about 150 hertz), frequency of the bursts (e.g.,
within a range of about 1 hertz to about 100 hertz if delivered
continuously for cardiac stimulation—otherwise, each burst
may be synchronized to the cardiac cycle or to P- or R-waves),
pulse width of each pulse (e.g., within a range of about 0.05
milliseconds (ms) to about 1.5 ms), and number of pulses per
burst (e.g., within a range of about 3 pulses to about 20
pulses), etc.

Further, the delivery of vagal stimulation 110 may be syn-
chronized to blanking periods associated with either the
P-waves or R-waves within the electrical activity of the
patient’s heart as shown in FIGS. 4A-4B. Also, in at least one
embodiment, the delivery of vagal stimulation 110 may be
synchronized to the patient’s respiratory cycle or portions
thereof. Still further, as described herein with reference to
FIG. 1, the vagal stimulation may be delivered 100 to neural
tissue innervating the myocardium, directly or indirectly, e.g.,
including the vagus nerve or its branches, the SA nodal fatty
pad, the AV nodal fatty pad and along the great vein, the
cervical vagus nerve (e.g., right or left side), the fat pad
located between the medial superior vena cava and aortic root
(SVC-Ao fat pad), and additional intracardiac locations near
the SA node, AV node, coronary sinus, and base of the right
ventricle.

The method 100 may further include adjusting the vagal
stimulation 112 to, e.g., increase the effectiveness of the vagal
stimulation, and may further include evaluating termination
criteria 114 to, e.g., determine whether delivery of vagal
stimulation to the patient should continue. Processes 110,
112, and 114 may run concurrently or periodically. For
example, the method 100 may concurrently deliver vagal
stimulation 110, periodically adjust the vagal stimulation
112, and continuously evaluate termination criteria 114.
Methods that include adjusting the vagal stimulation 112 are
described in further detail herein, e.g., with reference to
FIGS. 5, 8, 11, and 13, and methods that include evaluating
termination criteria 114 are described in further detail herein,
e.g., with reference to FIGS. 6-10 and 12.



US 9,211,413 B2

13

If analysis in method 100 results in a VT/VF or dual tachy-
cardia detection 116 (e.g., if the physiological parameters
indicate that a patient is undergoing VI/VF or dual tachycar-
dia), the method 100 proceeds to deliver implantable cardio-
verter defibrillator (ICD) therapy 117 to, e.g., treat the VI/VE,
or dual tachycardia. ICD therapy 117 may include high-en-
ergy shock pulses for cardioversion/defibrillation therapy,
ATP and/or other pacing therapies. After the VI/VF or dual
tachycardia has been treated (e.g., after it appears that the ICD
therapy has successtully treated the VI/VF or dual tachycar-
dia), the method 100 may proceed towards delivering vagal
stimulation for prevention or protection 120 to, e.g., prevent
recurring arrhythmias. A method, for example, that includes
delivering vagal stimulation 112 for prevention is described
in further detail herein, e.g., with reference to FIG. 10.

As shown, the method 100 further includes evaluating cri-
teria 118 before and/or during (e.g., periodically) the delivery
of vagal stimulation for prevention 120, and adjusting the
vagal stimulation 122 and evaluating termination criteria 124
after or during the delivery of vagal stimulation for prevention
120. Processes 118, 122, and 124 may be, for example, sub-
stantially similar to processes 108, 112, and 114.

Electrical stimulation may be the most effective if deliv-
ered to the vagus nerve during periods corresponding to vari-
ous cardiac events. FIGS. 4A-4B are timing diagrams illus-
trating the delivery of electrical stimulation (e.g., electrical
stimulation pulses) to the patient’s vagus nerve correspond-
ing to various cardiac events. In particular, as shown in FIG.
4A, electrical stimulation pulses 286 (e.g., a burst of pulses)
may be delivered to the patient’s vagus nerve during the
ventricular blanking interval 282 (also known as a ventricular
blanking period or blanking period associated with R-waves)
associated with or occurring after a ventricular event 280
(e.g., a sensed R-wave or a pacing pulse). Blanking interval
282 corresponds to a ventricular refractory period following a
ventricular sensed or paced event 280. By delivering the
electrical stimulation pulses 286 during the ventricular blank-
ing interval 282, the same electrodes used for sensing ven-
tricular activity and/or delivering ventricular pacing pulses
may be used for delivering the electrical vagal stimulation. In
this way, the electrical vagal stimulation may not occur during
the ventricular vulnerable period; thereby avoiding arrhyth-
mogenic effects associated with stimulating during the vul-
nerable period. The ventricular vulnerable period may be the
time period within the cardiac cycle during which an electri-
cal stimulation may cause arrhythmias, e.g., ventricular tach-
yarrhythmias (VIT/VF). In other words, the heart may be the
most susceptible to induction of VT/VF through stimulus
during such vulnerable periods. Often, the ventricular vulner-
able period occurs during the T-wave (e.g., the middle to the
end of the T-wave). Prior to the vulnerable period is a refrac-
tory period during which stimulation may not cause arrhyth-
mias (e.g., which may also correspond to the blanking peri-
ods). For example, when electrodes are positioned in the basal
region of the right ventricle for delivering electrical stimula-
tion pulses 286, the same electrodes may be used for sensing
ventricular signals and/or delivering ventricular pacing
pulses.

Further, as shown in FIG. 4B, electrical stimulation pulses
296 are delivered during the atrial blanking interval 292 (also
known as an atrial blanking period or blanking period asso-
ciated with P-waves) associated with or occurring after an
atrial event 290 (e.g., a sensed P-wave or a pacing pulse).
Blanking interval 292 corresponds to an atrial refractory
period following an atrial sensed or paced event 290. By
delivering the electrical stimulation pulses 296 during the
atrial blanking interval 292, the same electrodes used for
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sensing atrial activity and/or delivering atrial pacing pulses
may be used for delivering the electrical vagal stimulation. In
this way, the electrical stimulation may not occur during the
atrial vulnerable period (e.g., any atrial vulnerable period
may be similarto the ventricular vulnerable period except that
it relates to AF instead of VI/VF) thereby avoiding arrhyth-
mogenic effects associated with stimulating during the vul-
nerable period. For example, when electrodes are positioned
in the right atrium for delivering electrical stimulation pulses
296, the same electrodes may be used for sensing atrial sig-
nals and/or delivering atrial pacing pulses.

In one or more methods described herein, the vagal elec-
trical stimulation may be synchronized to blanking periods
associated with either or both of the P-waves and the R-waves
within the electrical activity of the patient’s heart. Further, for
various reasons, the delivery of vagal stimulation may be
adjusted to change the synchronization of the delivery of the
vagal stimulation from one type of blanking period to another.
For example, the delivery of vagal stimulation may be syn-
chronized to the atrial P-waves and then changed to the ven-
tricular R-waves or vice versa. In at least one embodiment, the
vagal stimulation may be synchronized to the P-wave in sinus
rhythm (e.g., delivery of electrical stimulation during the
atrial blanking period) and switched/changed to be synchro-
nized to the R-wave (e.g., delivery of electrical stimulation
during the ventricular blanking period) when the patient’s
heart is in atrial fibrillation.

Vagal stimulation may be delivered after a fixed delay (e.g.,
a programmable delay) upon detection of a QRS complex,
P-wave, or any other physiological parameter. As a result,
when vagal stimulation is synchronized to a cardiac event, the
vagal stimulation may be delivered during or after the cardiac
event (e.g., after a fixed delay). Further, the processes
described herein may further include checking that capture of
cardiac tissue (e.g., as opposed to nerve tissue) has not
occurred (e.g., by checking for the presence of an evoked
response) or adjusting the stimulation parameters to avoid
capture of cardiac tissue. Still further, the delay may be adap-
tive to optimize the efficacy of the vagal stimulation (e.g., a
pulse train of vagal stimulation). For example, the delay may
be adjusted to find the delay that has the greatest impact on
cardiac behavior.

FIG. 5 is a flow chart of an exemplary method 300 of
adjusting vagal stimulation for treating cardiac conditions,
for example, such as when a SVT has been detected or after
ICD therapy has treated a V'I/VF and vagal stimulation is to
be provided for prevention of further arrhythmias. For
example, the method 300 may include AN sensing or pacing
of a patient’s heart 302, which may be the general operation
of the IMD implanted in the patient. For example, the IMD
may be configured to monitor physiological parameters (e.g.,
the electrical activity of the patient’s heart) and deliver ICD
therapy if the physiological parameters indicate certain car-
diac conditions such as, e.g., VI/VFE.

Departing from the general AV sensing/pacing operation,
the method 300 may include a delay step 304, which may be
a period where the IMD departs from such operation. The
period of the delay step 304 may be a selected time period or
a selected number of heart beats of a patient. For example, the
delay step 304 may be for about 50 ms to about 150 ms after
either a P-wave or R-wave. Further, the delay step may be an
optimal timing previously identified for effective stimulation
at a low energy cost. During this delay step 304, the method
300 may deliver vagal stimulation 306 (e.g., subject to crite-
ria). Delivery of vagal stimulation 306 may be substantially
similar to the delivery of vagal stimulation 110 described
herein with reference to FIG. 3.
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During and/or after the delivery of vagal stimulation 306,
the method 300 may record the performance data 308 of the
patient (e.g., the physiological parameters of the patient
including the electrical activity of the patient’s heart) to be
utilized in an evaluation of the efficacy of the vagal stimula-
tion. For example, recording the performance data 308 may
include recording the intervals between R-waves, intervals
between P-waves and QRS complexes, R-wave morphology,
ST segment, T wave morphology, hemodynamic changes,
etc. Further, certain parameters of the vagal stimulation may
be adjusted within certain ranges (e.g., the voltage, ampli-
tude, number of pulses per burst, burst frequency, pulse fre-
quency, pulse width, etc.) such that performance data may be
recorded 308 for the vagal stimulation delivered at the various
selected parameters (e.g., resulting in data for a plurality of
different selected sets of parameters).

After the time period of the delay step has elapsed 310, the
recorded performance data may be evaluated 312 to deter-
mine if the vagal stimulation was effective and/or what
parameters of the vagal stimulation were the most effective.
For example, the intervals between R-waves, the intervals
between P-waves and QRS complexes, the R-wave morphol-
ogy, ventricular pressure, etc. corresponding to the vagal
stimulation (e.g., occurring during the delivery of vagal
stimulation or directly after the delivery of vagal stimulation)
may be compared to selected values. The selected values may
be historical values recorded from the patient before the
delivery of the vagal stimulation, standard baseline values of
healthy cardiac activity, etc. In at least one embodiment, such
comparisons may also simply look for an effect, e.g., achange
in HR, from pre-stimulation to post-stimulation.

As a result of the evaluation 312, the method 300 may
determine if vagal stimulation was effective and/or what
parameters of vagal stimulation were the most effective in
treating the patient 314 (e.g., the best timing). If a particular
set of parameters of vagal stimulation are determined to be the
most effective for treating the patient, such parameters may
be stored, e.g., within an IMD, such that the most effective
vagal stimulation may be delivered to the patient at a later
time. Further, as a result of this method 300, an IMD may save
energy, e.g., by not delivering ineffective vagal stimulation,
by not constantly adjusting vagal stimulation for effective-
ness, by finding effective vagal stimulation to take the place of
some higher energy therapy, etc.

FIG. 6 is a flow chart of another exemplary method 400 of
treating heart conditions using vagal stimulation. The method
400 includes a data collection process 402, which may be
substantially similar to data collection process 102 described
herein with reference to FIG. 3. Periodically and/or concur-
rently with the data collection 402, the method 400 includes
tachyarrhythmia detection 404 (e.g., a tachyarrhythmia may
be detected from the physiological parameters of the patient
monitored during the data collection 402). For example, a
tachyarrthythmia may be detected if a patient’s heart rate is
higher than a selected value (e.g., about 150 beats/min to
about 180 beats/min). If a tachyarrhythmia is detected, the
method 400 will determine if the tachyarrhythmia is a VI/VF
406. In at least one embodiment, determining that the tach-
yarrhythmia is a VI/VF may include determining that ven-
tricular rate exceeds approximately 150 beats per minute and
such ventricular rate lasts for more than 10 heart beats. In at
least another embodiment, determining that the tachyarrhyth-
mia is a VI/VF may include determining whether the QRS
morphology is indicative of normal sinus rhythm and/or
determining whether the timing of atrial and ventricular acti-
vations is indicative of a sinus tachycardia or a supraventricu-
lar tachycardia (e.g., if the QRS morphology is not indicative
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of normal sinus rhythm and/or whether the timing of atrial
and ventricular activations is not indicative of sinus tachycar-
dia or supraventricular tachycardia, then the tachyarrhythmia
may be VI/VF). In at least another embodiment, determining
that the tachyarrhythmia is a VI/VF may include determining
that a fast ventricular rate is sustained, that the R-wave mor-
phology does not match a sinus or a SVT template, that the
onset of the fast ventricular rate was not gradual or accompa-
nied by a sudden P-R interval change in the case of a 1:1
rhythm, that the atrial and ventricular rates are dissociated in
the case of fast atrial and ventricular rates, that the R-wave
morphology is consistent with arrhythmia instead of noise,
that the R-waves are not double counting, and/or that T-wave
over-sensing is not occurring. Further criteria for determining
VT/VF may be described in U.S. Pat. No. 5,545,186 issued on
Aug. 13, 1996 to Olson et al., U.S. Pat. No. 5,991,656 issued
on Nov. 23, 1999 to Olson et al., U.S. Pat. No. 6,259,947
issued on Jul. 10, 2001 to Olson et al., and U.S. Pat. No.
6,393,316 issued on May 21, 2002 to Gillberg et al., all of
which are hereby incorporated by reference.

Ifthe method 400 detects VI/VF, the method 400 proceeds
to deliver ICD therapy 408 to the patient. ICD therapy 408
may be substantially similar to the ICD therapy 117 described
herein with reference to FIG. 3.

Either after the VI/VF has been treated or if the tach-
yarrhythmia was not determined to be a VI/VF, the method
400 may proceed to determining if the patient meets various
vagal stimulation criteria 410 (also referred to as criteria in
one or more methods described herein) before delivering
vagal stimulation 410. Foremost, the criteria process 410 may
include a determination that a vagal stimulation-treatable car-
diac condition is detected (e.g., such as a SVT). Methods of
detecting and/or determining a SVT are described in U.S. Pat.
App. Pub. No. 2008/0269819 A1 to Zhou, which is incorpo-
rated herein by reference in its entirety.

In at least one embodiment, the method 400 may include
monitoring physiological parameters of a patient (e.g., the
electrical activity of the patient’s heart) and analyzing the
monitored physiological parameters with respect to the crite-
ria 410 such as vagal stimulation criteria (e.g., before deliv-
ering electrical stimulation 412 to the patient’s vagus nerve).
Analyzing the monitored physiological parameters may
include determining whether the electrical activity of the
patient’s heart is indicative of a ventricular arrhythmia (e.g.,
aVT/VF), determining whether the lead configured to deliver
electrical stimulation to the patient’s vagus nerve is dis-
lodged, and/or determining whether there is unrestrained
sympathoexcitation (e.g., which may be indicated by an
acceleration of heart rate (e.g., shortened V-V intervals, A-V
intervals, V-T intervals, etc.)). Dislodgement of the lead con-
figured to deliver electrical stimulation the patient’s vagus
nerve may lead to delivering electrical stimulation (e.g.,
bursts of electrical stimulation) in the ventricle, which may
lead to an undesired VT. If the electrical activity of the
patient’s heart indicates a ventricular arrthythmia or if the lead
configured to deliver electrical stimulation to the patient’s
vagus nerve is dislodged, process 410 will prevent the deliv-
ery of electrical stimulation to the patient’s vagus nerve 412
(e.g., the method 400 will return to data collection 402).

One method of determining whether the lead configured to
deliver electrical stimulation to the patient’s vagus nerve is
dislodged includes analyzing the electrical activity monitored
by the lead or analyzing the effectiveness of the stimulation
delivered by the lead. For example, if the electrical signal
morphology changes from atrial-dominated morphology to
ventricular morphology, then the lead may be dislodged. Fur-
ther, for example, if the A-V interval monitored by the lead
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increases, the lead may be dislodged (e.g., the lead may have
slipped into the ventricle). Still further, for example, if a
threshold for effectiveness of vagal stimulation increases
(e.g., vagal stimulation must be increased to be effective) orif
the vagal stimulation becomes ineffective, then the lead may
be dislodged.

If the criteria for vagal stimulation 410 have been met,
vagal stimulation may be delivered to the patient 412. Deliv-
ery of vagal stimulation 412 may be substantially similar to
the delivery of vagal stimulation 110 described herein with
reference to FIG. 3.

After and/or during the delivery of vagal stimulation 412,
the method 400 may include evaluating the performance 414
of the patient’s physiological parameters in response to the
vagal stimulation. For example, evaluating the performance
414 may include determining whether there has been any
cardiac response to the vagal stimulation, whether there has
been a VI/VF detected during the vagal stimulation, whether
any other new arrhythmias have been caused by the vagal
stimulation, whether there has been any hemodynamic dete-
rioration, whether the heart rate has been lowered, or whether
a pre-defined low rate has been reached.

In at least one embodiment, the performance evaluation
process 414 may include monitoring physiological param-
eters of a patient (e.g., the electrical activity of the patient’s
heart) and analyzing the monitored physiological parameters
for termination criteria. Analyzing the monitored physiologi-
cal parameters may include determining whether the interval
between the R-waves of the electrical activity of the patient’s
heart has increased, determining whether the interval
between the P-waves and QRS complexes of the electrical
activity of the patient’s heart has increased, and determining
whether the electrical activity of the patient’s heart indicates
aventricular arrhythmia. If the intervals between the R-waves
of the electrical activity of the patient’s heart has not
increased (e.g., in response to the vagal stimulation), if the
intervals between the P-waves and the QRS complexes of the
electrical activity of the patient’s heart has not increased (e.g.,
in response to the vagal stimulation), or if the electrical activ-
ity of the patient’s heart indicates ventricular arrhythmia, the
performance evaluation process 414 may lead to a termina-
tion of the delivery of electrical stimulation to the patient’s
vagus nerve 412 (e.g., the method 400 will return to data
collection 402).

Further, the method 400 may include a clock or time period
expiration determination 416. If the clock has expired, the
method 400 will return to data collection 402. If the clock has
not expired, the method 400 will return to determining if the
patient meets the criteria for vagal stimulation 410. In other
words, vagal stimulation may be given a chance to correct the
heart condition, but if it does not correct it within a certain
time period, then such vagal stimulation will be terminated.
The time period for the clock may be about 10 seconds to
several minutes (e.g., 3 minutes), or about 10 heart beats to
about 200 heart beats.

FIG. 7 is a flow chart of another exemplary method 500
associated with the delivery of vagal stimulation and evalua-
tion of vagal stimulation criteria/termination criteria. The
method 500 includes a data collection process 502, which
may be substantially similar to data collection process 102
described herein with reference to FIG. 3. If a cardiac condi-
tion is detected that may be treated by vagal stimulation, the
method 500 may proceed to determine if the patient meets
certain criteria for vagal stimulation 504, and if the patient’s
meets the criteria, vagal stimulation may be delivered to the
patient (not shown). The criteria for vagal stimulation process
504 may be similar to the other criteria for vagal stimulation.
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In certain situations, the V-V and/or A-V interval may not
increase for several heart beats after delivering vagal stimu-
lation, which may indicate that the vagal stimulation is inef-
fective. In these situations, a real VI/VF may be occurring
and if so, appropriate ICD therapy should be activated. The
expected response time after delivering vagal stimulation
(e.g., for a V-V or A-V interval to begin to increase) may be
about 5 heart beats. As such, the method 500 includes a delay
for a NumBeatstoRespond period 506, which, e.g., may be
the expected response time following a burst of vagal stimu-
lation. The NumBeatstoRespond period 506 may be a select-
able value representing the number of heart beats the method
500 should wait before evaluating the efficacy of the vagal
stimulation 508. For example, the NumBeatstoRespond
period 506 may be about 3 heart beats to about 8 heart beats.
In at least one embodiment, the NumBeatstoRespond period
506 is about 5 heartbeats. Further, in at least another embodi-
ment, the period 506 may be a selected time period (e.g.,
about 1 second to about 2 seconds).

After the NumBeatstoRespond period 506 has elapsed, the
method 500 may evaluate the efficacy 508 of the vagal stimu-
lation. Evaluating the efficacy 508 of the vagal stimulation
includes processes substantially similar to evaluating the per-
formance 414 of the patient’s physiological parameters in
response to the vagal stimulation described herein with ref-
erence to FIG. 6.

At least one additional process of evaluating the efficacy of
the vagal stimulation may include comparing the R-R interval
minus a burst blanking period (e.g., the burst blanking period
may equal 30 ms plus the product of the number of burst
pulses multiplied by 20 ms) to a max Fibrillation Detection
Interval (FDI) (e.g., about 180 beats per minute, or about 330
ms) divided by two (e.g., such that a blanking period greater
than 50% of the sensing window may be achieved) 510. If the
R-R interval minus a burst blanking period is less than the
maximum FDI divided by two, then the vagal stimulation
may be ineffective, and the method 500 may deactivate any
vagal stimulation and return to data collection 502.

Further, at least another additional process of evaluating
the efficacy of the vagal stimulation may include comparing a
four heart beat R-R interval average (e.g., the average R-R
interval over any number of heart beats) to the R-R interval
median observed at deployment (e.g., where vagal stimula-
tion therapy is applied) plus a selected minimum response
time 512. The minimum response time may be between about
100 ms and about 250 ms (e.g., about 100 ms, about 150 ms,
about 200 ms, about 250 ms, etc.). If the four heart beat R-R
interval average is less than the R-R interval median observed
at deployment plus the minimum response time, the vagal
stimulation may be ineffective, and the method 500 may
deactivate any vagal stimulation and return to data collection
502.

Still further, at least another additional process of evaluat-
ing the efficacy of the vagal stimulation may include compar-
ing each R-R interval to the R-R interval median observed at
deployment (e.g., where vagal stimulation therapy is applied)
plus a selected minimum response time. If any R-R interval is
less than the R-R interval median observed at deployment
plus the minimum response time, the vagal stimulation may
be ineffective, and the method 500 may deactivate any vagal
stimulation and return to data collection 502.

After the efficacy and/or termination criteria have been
evaluated (e.g., such as using processes described in pro-
cesses 508, 510, 512), a clock (e.g., BurstSeconds) 514 may
be started. For example, the clock may run for about 30 or 45
seconds during which vagal stimulation may be active. Fur-
ther, for example, the clock 514 may run for about 10 seconds
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to about 2 minutes. After the clock has expired 518, the
method 500 may return to data collection 502. In other words,
vagal stimulation may be given a chance to correct the heart
condition, but if it does not correct it within a certain time
period, then such vagal stimulation will be terminated.

A new VT/VF may occur after or during vagal stimulation
(e.g., a VI/VF is detected or VI/VF is accelerated) 516. In
this case, the vagal stimulation should be deactivated and ICD
therapy should be delivered to the patient. For example, if at
any time a VT/VF is detected or accelerated 516, the method
500 should return to data collection 502 and any ongoing
vagal stimulation should be deactivated. In least one embodi-
ment, if the vagal stimulation is terminated or deactivated for
any reason other than the clock expiration 518, then the
method 500 may prevent re-deployment of any vagal stimu-
lation for a selected time period, e.g., 30 seconds. Further,
sensing of VI/VF during burst pacing (e.g., vagal stimula-
tion) should not be delayed such as the sensing falls outside of
the burst window. As such, sensing to detect a VI/VF or
acceleration of a VI/VF thereof should continue uninter-
rupted during vagal stimulation.

FIG. 8 is a flow chart of another exemplary method 600 of
treating heart conditions using vagal stimulation. The method
600 includes a data collection process 602, which may be
substantially similar to data collection process 102 described
herein with reference to FIG. 3. Periodically or concurrently
with the data collection 602, the method 600 includes a V-V
count detection process 604.

In at least one embodiment, the V-V count detection 604
includes comparing a VI/VF count to a selected value (e.g.,
20). If the VT/VF count is less than the selected value, then the
method 600 returns to data collection 602. The VI/VF count
is the sum of a VT counter and a VF counter. If the VI/VF
count is greater than the selected value, then the method 600
may proceed to determine whether a “sure true” VI/VF exists
606.

The VT counter keeps track of how many consecutive R-R
intervals are less than the Tachycardia Detection Interval
(TDI) (e.g., the VT counter is increased by one for each
consecutive R-R interval that is less than the TDI). The tachy-
cardia detection interval may be about 200 ms to about 600
ms. Further, the VT counter is reset to zero if a R-R interval is
greater than the TDI.

The VF counter keeps track of how many R-R intervals out
of a selected number of intervals (e.g., 24 intervals) are less
than the Fibrillation Detection Interval (FDI) (e.g., the VF
counter is the number of R-R intervals over the last 24 inter-
vals that were less than the FDI).

In at least another embodiment, the V-V count detection
604 may include comparing the intervals between successive
R-waves to a programmed FDI. For example, if a predeter-
mined number or amount of R-R intervals (e.g., 18 intervals)
out of a selected number or amount of R-R intervals (e.g., 24
intervals) are not less than the tachycardia detection interval
(e.g., about 300 ms), the method 600 returns to data collection
602. Further, for example, if a predetermined number or
amount of R-R intervals over a selected period of time (e.g.,
5 seconds or 12 to 16 R-wave consecutive intervals) are not
less than the tachycardia detection interval, the method 600
returns to data collection 602. In at least one embodiment, if
18 R-R intervals out of 24 of R-wave intervals or if 18 R-wave
intervals over of 5 seconds are not less than the tachycardia
detection interval, the method 600 returns to data collection
602.

If the V-V count process indicates a cardiac event (e.g., if
the VT/VF counter is greater than a selected value), then the
method 600 next determines whether a “sure true” VI/VF
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exists 606. In one or more embodiments, a “sure true” VI/VF
may be detected if it is determined that the ventricular rate
exceeds approximately 150 beats per minute and such ven-
tricular rate lasts for more than 10 heart beats. In at least
another embodiment, determining that a “sure true” VI/VF
exists may include determining whether the QRS morphol-
ogy is indicative of normal sinus rthythm and/or determining
whether the timing of atrial and ventricular activations is
indicative of sinus tachycardia or supraventricular tachycar-
dia (e.g., if the QRS morphology is not indicative of normal
sinus rhythm and/or whether the timing of atrial and ventricu-
lar activations is not indicative of sinus tachycardia or
supraventricular tachycardia, then a “sure true” VI/VF may
exist).

Ifa“sure true” V1/VF is detected 607, the method 600 may
proceed to deliver ICD therapy 608 (e.g., ventricular pacing).
ICD therapy 608 may be substantially similar to the ICD
therapy 117 described herein with reference to FIG. 3. After
the ICD therapy 608 has completed treating the VI/VE, the
method 600 may return to data collection 602.

Ifa“sure true” VI/VF is not detected, the method 600 may
analyze the A-V synchronization 610. In at least one embodi-
ment, analyzing the A-V synchronization 610 includes an
analysis of the synchrony between atrial events (e.g.,
P-waves) and ventricular events (e.g., R-waves). For
example, if the R-waves that are similar to R-waves during
sinus rhythm are synchronized to the P-wavesina 1:1 or other
less frequent ratio, the ventricular tachycardia intervals may
be the result of a SVT. The test for A-V synchrony may
include verifying an interval pattern consistent with A-V con-
duction such as an A-V-A-V pattern, A-A-V-A-A-V pattern,
etc. Further, the test for AV synchrony may additionally or
alternatively include measuring P-R intervals (e.g., the inter-
vals between sensed atrial events and successive ventricular
events). If the sensed ventricular events occur within a pre-
determined interval of a preceding atrial event, the ventricular
event is determined to be an atrial conducted event evidencing
A-V synchrony. A regular pattern of A-V synchrony as sup-
ported by an A-V pattern and/or P-R intervals during the
occurrence of VT intervals would lead to a detection of A-V
synchrony.

If A-V synchrony 610 is not present, a dual tachycardia is
detected 612 and appropriate ICD therapies are delivered 614
in response to the dual tachycardia detection. Although not
shown in FIG. 8, the method 600 may include further pro-
cesses to confirm dual tachycardia detection. For example,
such processes may include analyzing additional information
such as, e.g., QRS morphology to determine that a dual tachy-
cardia exists.

Appropriate ICD therapy 614 may include ventricular
therapy for treating the VT and an atrial therapy for treating
the AT. Further, ICD therapy 614 may be substantially similar
to the ICD therapy 117 described herein with reference to
FIG. 3. After the ICD therapy 614 has completed treating the
dual tachycardia, the method 600 may proceed to determining
ifa SVT exists 616. Methods of detecting and/or determining
a SVT are described in, e.g., U.S. Pat. App. Pub. No. 2008/
0269819 Al to Zhou, which is incorporated herein by refer-
ence in its entirety.

Ifa SVT is not detected, the method 600 may return to data
collection 602. If a SVT is detected, the method 600 may
optionally deliver vagal stimulation 618 to treatthe SVT (e.g.,
to slow the ventricular rate). Delivery of vagal stimulation
618 may be substantially similar to the delivery of vagal
stimulation 110 described herein with reference to FIG. 3.
Further, before, after, and/or during the delivery of vagal
stimulation 618, vagal stimulation criteria, termination crite-
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ria, and/or clock criteria may be evaluated 620, which may
includes processes similar to the processes 410,414, and 416,
respectively, described herein with respect to FIG. 6.

If A-V synchrony 610 is determined to be present (e.g.,
which may indicate that a VI/VF is unlikely present), vagal
stimulation is delivered 622. Delivery of vagal stimulation
622 may be substantially similar to the delivery of vagal
stimulation 110 described herein with reference to FIG. 3.

After and/or during the delivery of vagal stimulation 622,
the method 600 may perform A-V/V-V interval change veri-
fication process 623 to determine if the vagal stimulation is
effective in exciting neural tissue to, e.g., cause a parasym-
pathetic response. A parasympathetic response may include
one or more of a decrease in heart rate, an increase in A-V
conduction time, a decrease in blood pressure, etc. In one
embodiment, the verification process 623 includes measuring
A-V intervals (i.e., the intervals between P-waves and QRS
complexes) and comparing the A-V intervals measured after
beginning vagal stimulation to A-V intervals measured prior
to starting vagal stimulation 624, e.g., during the VT interval
detection 604.

If no change in cardiac condition has been determined after
and/or during the delivery of vagal stimulation 622 (e.g., no
change in A-V intervals or V-V intervals), the method 600
may adjust the vagal stimulation 626. For example, the num-
ber of pulses included in a train of stimulating pulses may be
adjusted (e.g., increased), the frequency ofthe pulse train may
be adjusted (e.g., increased), and/or the amplitude of the
stimulation pulses may be adjusted (e.g., increased). Further,
if other electrodes are available for stimulating the vagus
nerve, different electrodes may be selected for stimulating the
vagus nerve. Still further, adjusting the vagal stimulation 626
may includes processes similar to portions of the vagal stimu-
lation adjustment method 300 described herein with respect
to FIG. 5.

If, however, each and every parameter of vagal stimulation
has been adjusted without yielding any effective results (e.g.,
an effective result may be an increase in the monitored A-V
intervals or V-V intervals), then the method 600 may deter-
mine that the adjustments have been exhausted 626 and pro-
ceed to determining that the cardiac event may be a VI/VF
628 (e.g., vagal stimulation may not be effective for particular
tachyarrhythmias such as accessory or abnormal pathway
tachyarrhythmias, i.e., not through the AV node), subse-
quently delivering ICD therapy 630, and, after treating the
VT/VF withthe ICD therapy, returning to data collection 602.
ICD therapy 630 may be substantially similar to the ICD
therapy 117 described herein with reference to FIG. 3. For
example, the method 600 may include a pre-determined (e.g.,
programmed on the IMD) set of adjustments to modify the
vagal stimulation in an effort to yield effective results. If each
of the pre-determined adjustments of the set of adjustments
has been tried without any success (e.g., no effective results),
then the adjustments may be exhausted.

In other words, the method 600 may deliver electrical
stimulation to the patient’s vagus nerve 622, adjust the elec-
trical stimulation delivered to the patient’s vagus nerve based
on the analysis of the monitored physiological parameters
626, terminate the delivery of electrical stimulation to the
patient’s vagus nerve after exhausting the adjustments to the
electrical stimulation delivered to the patient’s vagus nerve.
Thereafter, for example, ventricular arrhythmia therapy may
be delivered to the patient’s heart after terminating the deliv-
ery of electrical stimulation to the patient’s vagus nerve 630.

Further, the vagal stimulation may be adjusted if the inter-
vals between the R-waves within the electrical activity of the
patient’s heart have not changed in response to the delivery of
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electrical stimulation to the patient’s vagus nerve, if the inter-
vals between the P-waves and the QRS complexes within the
electrical activity of the patient’s heart have not changed in
response to the delivery of electrical stimulation to the
patient’s vagus nerve, and/or if the morphology of the
R-waves of the electrical activity of the patient’s heart has not
changed in response to the delivery of electrical stimulation to
the patient’s vagus nerve. At least in one embodiment,
exhausting the adjustments to the electrical stimulation deliv-
ered to the patient’s vagus nerve may include determining
that the adjustments have not changed at least one of the
intervals between the R-waves, the intervals between the
P-waves and the QRS complexes, and the morphology of the
R-waves of the electrical activity of the patient’s heart.

If a change in cardiac condition has been determined 624
after and/or during the delivery of vagal stimulation 622, the
method 600 may next determine if the V-V intervals are either
greater than the A-A intervals 634 or less than the A-A inter-
vals 632.

Ifthe V-V intervals are less than the A-A intervals 632, then
the method 600 may proceed to determining that the cardiac
event may be a VI/VF 628, subsequently delivering ICD
therapy 630, and, after treating the VT/VF with the ICD
therapy, returning to data collection 602. If the V-V intervals
are greater than the A-A intervals 634, then the tachycardia
may be detected as a SVT, and the method 600 may proceed
to deliver vagal stimulation 618 to treat the SVT as described
herein.

FIG. 9 is a flow chart of an exemplary method 700 of
preventing delivery of vagal stimulation based on deactiva-
tion history. The method 700 includes a data collection pro-
cess 702, which may be substantially similar to data collec-
tion process 102 described herein with reference to FIG. 3. If
a cardiac condition is detected that may be treated by vagal
stimulation, the method 600 may proceed to determining if
the patient meets the criteria for vagal stimulation 704 (e.g.,
which may include processes relating to the criteria for vagal
stimulation as described herein with reference to FIG. 6). If
the patient does not meet the criteria for vagal stimulation, the
method 700 may return to data collection 702.

Method 700 includes an additional criteria process with
respect to deactivation history. For instance, if the patient
meets the criteria for vagal stimulation in process 704, the
method 700 may analyze the deactivation history 706 to
determine either if a particular type of vagal stimulation (e.g.,
vagal stimulation delivered at a specific set of parameters) had
been previously ineffective in treating the patient or if vagal
stimulation had been previously ineffective in treating the
patient’s presently monitored physiological parameters. In
other words, the method 700 may analyze the deactivation
history (e.g., stored parameters of a particular type of vagal
stimulation that have been determined to be ineffective in
treating the patient’s cardiac conditions, stored physiological
parameters of the patient that have been determined to not be
effectively treatable by vagal stimulation, etc.) to determine if
the method 700 may deliver vagal stimulation to effectively
treat the patient’s cardiac condition.

Ifitis determined that vagal stimulation will not effectively
treat the patient’s cardiac condition in view of the deactiva-
tion history, the method 700 may return to data collection 702.
If it is determined that vagal stimulation may be effective in
treating the patient’s cardiac condition, the method 700 may
proceed to delivering vagal stimulation 708. Delivery of vagal
stimulation 708 may be substantially similar to the delivery of
vagal stimulation 110 described herein with reference to FI1G.
3.
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Periodically or concurrently with the delivery of vagal
stimulation 708, the method 700 may evaluate if a selected
period of time has expired 710 (e.g., measured either in time
or heart beats). If the selected period of time has expired, the
method 700 may return to the data collection 702. In other
words, vagal stimulation may be given a chance to correct the
heart condition, but if it does not correct the heart condition
within a certain time period, then such vagal stimulation will
be terminated.

Further, periodically or concurrently with the delivery of
vagal stimulation 708, the method 700 may determine if the
patient’s cardiac condition is worsening 712, e.g., using the
patient’s monitored physiological parameters. The patient’s
cardiac condition may be worsening if it is determined that
the patient is undergoing an AF and/or a VT/VE, if it is
determined that the patient’s heart is mechanically function-
ally deteriorating, and/or if the patient is undergoing chest
pain and/or syncope (e.g., using a hemodynamic sensor to
predict syncope). In at least one embodiment, determining
whether the patient’s cardiac condition is worsening includes
comparing the patient’s R-R interval to the patient’s R-R
interval before delivering vagal stimulation. Further, in at
least one embodiment, a patient may manually deactivate the
vagal stimulation using telemetry, etc. after, e.g., experienc-
ing chest pain, thereby signaling that the patient’s cardiac
condition is worsening.

If'the patient’s cardiac condition is determined to be wors-
ening (e.g., if the patient’s present R-R interval is less that the
patient’s R-R interval before delivering vagal stimulation),
the delivery of vagal stimulation may be terminated 714 (and
the method 700 may return to data collection 702) and the
conditions for deactivation may be stored 716 (e.g., in the
memory of an IMD). For example, conditions for deactivation
may include the monitored physiological parameters of the
patient recorded before the delivery of the vagal stimulation
(e.g., because such monitored physiological parameters of
the patient indicate a cardiac condition that was unsuccess-
fully treated by vagal stimulation). Further, for example, con-
ditions for deactivation may include the parameters of the
vagal stimulation delivered to the patient (e.g., because such
vagal stimulation was ineffective in treating the patient). Still
further, conditions for deactivation may include both the
monitored physiological parameters of the patient recorded
before the delivery of the vagal stimulation and the param-
eters of the vagal stimulation delivered to the patient. As such,
when the method 700 analyzes the deactivation history 706 to
determine if the method 700 may deliver vagal stimulation to
effectively treat the patient’s cardiac condition, the deactiva-
tion history will include the newly stored conditions for deac-
tivation, which may be used, at a later time, to prevent the
delivery of vagal stimulation (e.g., if the vagal stimulation is
ineffective in treating the patient’s particular cardiac condi-
tion, or if the particular vagal stimulation is ineffective in
treating the patient at all)

For example, if bursts of 15 pulses of vagal stimulation at 3
volts have previously been determined to be ineffective in
treating a cardiac condition of the patient, the method 700
may prevent delivery of bursts of 15 pulses of vagal stimula-
tion at 3 volts in the future. Further, for example, if a particular
cardiac condition has previously been determined as not
being effectively treatable by any vagal stimulation, the
method 700 may prevent the delivery of vagal stimulation if
the same particular cardiac condition is detected (e.g., a cer-
tain heart rate and hemodynamic pressure).

In other words, method 700 includes delivering electrical
stimulation to the patient’s vagus nerve 708, analyzing the
monitored physiological parameters after delivering electri-
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cal stimulation to the patient’s vagus nerve and determining if
the patient’s cardiac condition is worsening after delivering
electrical stimulation to the patient’s vagus nerve 712. The
delivery of electrical stimulation to the patient’s vagus nerve
is terminated if the patient’s cardiac condition is worsening
714. Further, the parameters of the electrical stimulation
delivered to the patient’s vagus nerve associated with the
worsening of the patient’s cardiac condition are stored 716,
and at a later time, delivery of the electrical stimulation to the
patient’s vagus nerve is prevented at the previously stored
parameters associated with the worsening of the patient’s
cardiac condition 706.

Vagal stimulation may also be useful in the prevention
(e.g., the reduction of risk or the severity) of recurring
arrhythmias (e.g., a VI/VF) and/or myocardial infarction/
ischemia. FIG. 10 is a flow chart of an exemplary method 800
of treating various cardiac conditions and delivering vagal
stimulation for protection against recurring arrhythmias. The
method 800 includes a data collection process 802, which
may be substantially similar to data collection process 102
described herein with reference to FIG. 3.

Periodically or concurrently with the data collection 802,
the method 800 executes a V-V interval/count detection pro-
cess 804, which may be similar to the V-V interval/count
detection process 604 described herein with reference to FIG.
8. If the V-V interval/count detection does not indicate an
arrhythmia, then the method 800 returns to data collection
802.

Ifthe V-V interval/count detection indicates an arrhythmia,
then the method 800 delivers vagal stimulation 806 and moni-
tors the V-V interval 808 to, e.g., determine if the arrhythmia
is a VI/VF or a SVT. If the V-V interval is increased in
response to the vagal stimulation, it may be determined that
the arrhythmia is a SVT 810 and more vagal stimulation may
be delivered 806 and optionally adjusted 812 accordingly to
treat the SVT (e.g., the V-V interval may be intermittently
determined and the parameters of the vagal stimulation may
be adjusted to increase the V-V interval until a clock expires
similar to portions of the vagal stimulation adjustment
method 300 described herein with reference to FIG. 5).

Ifthe V-V interval is not increased in response to the vagal
stimulation, it may be determined that the arrhythmia is a
VT/VF 814 and ICD therapy 816 may be delivered to the
patient to treat the V'I/VF. ICD therapy 816 may be substan-
tially similar to the ICD therapy 117 described herein with
reference to FIG. 3.

After the VI/VF has been treated with the ICD therapy
(e.g., to obtain a healthy cardiac rhythm identified by one or
more predetermined parameters), the method 800 may
include delivering vagal stimulation for cardiac protection
818 (e.g., for prevention against future arrhythmias). The
vagal stimulation for cardiac protection 818 may assist the
patient in maintaining a healthy cardiac rhythm, e.g., through
boosting the parasympathetic component of the vagus nerve.
Further, after and/or during the delivery of vagal stimulation
for cardiac protection 818, conditions for vagal stimulation
822 and/or clock criteria 820 (e.g. time period criteria) may be
evaluated, which may include processes similar to the pro-
cesses 410/414 and 416, respectively, of method 400
described herein with respect to FIG. 6.

In atleast one embodiment, the conditions for vagal stimu-
lation 822 may include determining whether the vagal stimu-
lation is producing any pro-arrthythmic effects, whether the
patient’s cardiac function is deteriorating, etc. If either the
clock expires 820 (e.g., after a selected time has elapsed) or if
it is determined from the analysis of the conditions 822 for



US 9,211,413 B2

25

vagal stimulation to terminate the vagal stimulation, the
method 800 may return to data collection 802.

In other words, the method 800 includes monitoring physi-
ological parameters of a patient (including, e.g., the electrical
activity of the patient’s heart) 802, analyzing the monitored
physiological parameters for physiological parameters
indicative of a ventricular arrhythmia 804, 808, and deliver-
ing cardiac therapy to treat a ventricular arrhythmia if the
physiological parameters of the patient indicate a ventricular
arrhythmia 814, 816. Electrical stimulation may be delivered
to the patient’s vagus nerve after the ventricular arrhythmia
has been treated (e.g., a regular rhythm is achieved) to prevent
further ventricular arrhythmias from recurring 818.

Although methods have been discussed herein with respect
to treatment of VI/VF and SVT, such methods may be used to
treat many other cardiac conditions such as, e.g., acute myo-
cardial infarction/ischemia. When the heart encounters an
insult like ischemia or faces long-term failure, the organs of
the body may respond by demanding increased cardiac out-
put. The heart, in turn, may respond to these demands as best
as it can. To reduce stress on the heart in case of a compro-
mised heart as with angina pectoris (e.g., stable or chronic)
and/or heart attack, vagal stimulation may be delivered to
assist the heart. For example, vagal stimulation may be deliv-
ered in response to high HR, ST segment changes, or other
indications of cardiac insult.

To prevent an irregular rhythm in the ventricle, the vagal
stimulation may be titrated to achieve a desired effect without
AV block, or strong vagal stimulation may be combined with
ventricular demand (W1, DDD, etc.) pacing. Further, for
example, vagal stimulation may be delivered in case of com-
promised hemodynamics due to pump failure. Still further, in
case of mitral stenosis, one could extend the filling phase if
above a certain atrial rate by increasing A-V delays using
vagal stimulation.

Vagal stimulation delivered near the A-V node generally
blocks the A-V conduction thereby reducing ventricular rate.
Vagal stimulation delivered near the sinus node generally
directly reduces the intrinsic heart rate. A reduction in ven-
tricular rate and/or intrinsic heart rate may decrease the work-
load of the heart during a myocardial infarction/ischemia, and
thus, reduce the oxygen demand in an ischemia situation.

Further, abnormal automatic nervous activities, such as
increased sympathetic surge, imbalance between parasympa-
thetic and sympathetic activity, etc. may contribute to the
rupture of plaque leading to acute myocardial infarction
(AMI) and larger infarction sizes due to an increase in cardiac
workload at the time of oxygen supply reduction (further,
oxygen supply reduction may lead to necrosis of cardiac
tissue). Excitation of the cardiac parasympathetic neurons or
stimulation of the parasympathetic fibers of the vagus nerve
may reduce over-excitation of the cardiac sympathetic nerves
(e.g., which decreases the heart rate, and hence oxygen
demand) and/or may increase cholinergic anti-inflammatory
effect. As such, vagal stimulation may be used to prevent AMI
and/or reduce infarction size if AMI occurs, via the mecha-
nisms of reduction of work load (e.g., through a slower heart
rate) and anti-inflammatory effects. Therefore, vagal stimu-
lation delivered to intracardiac parasympathetic neurons
(e.g., the fat pads near the SVC and IVC, the base of the right
ventricle, the septal region of the right atrium, vagal bundle,
the spinal cord at the cervical and thoracic levels, etc.) may
assist in treating and/or preventing AMI and infarction size. In
other words, electrical stimulation of the vagus nerve may be
therapeutic, e.g., to treat an AMI upon detection thereof, and
preventative, e.g., to lower the risk of AMI (and/or the effects
once an AMI occurs).
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FIG. 11 is a flow chart of an exemplary method of treating
acute myocardial infarction/ischemia using vagal stimula-
tion. The method 900 includes monitoring multiple physi-
ological parameters (e.g., ST segment), which may be sub-
stantially similar to data collection process 102 described
herein with reference to FIG. 3.

Using the physiological conditions monitored during data
collection 902, the method 900 may determine whether the
monitored physiological conditions indicate acute myocar-
dial infarction 904. Monitored physiological conditions
indicative of acute myocardial infarction/ischemia may
include ST elevation/depression, heart sound changes,
T-wave changes, QRS vectors/waveforms, QRS onset slope,
pressure changes, intrathoracic impedance, ion concentra-
tions, local temperatures, coronary sinus blood return,
selected biomarkers, and/or any combination of thereof.

If it is determined that the monitored physiological condi-
tions indicate acute myocardial infarction/ischemia, the
method 900 may deliver (e.g., through telemetry, etc.) an alert
906 to, e.g., the patient, monitoring apparatus, etc., indicating
that the patient is undergoing acute myocardial infarction/
ischemia. For example, a ST-deviation (e.g., ST-deviation
includes ST-elevations and ST-depressions) may indicate
acute myocardial infarction due to, e.g., plaque rupture which
has occluded the coronary artery. Further, the method 900
may include delivering therapeutic vagal stimulation 908
(i.e., electrical stimulation the patient’s vagus nerve) to treat
the acute myocardial infarction/ischemia, checking/analyz-
ing the monitored physiological parameters 910 (e.g., heart
rate, heart rhythm, etc.), and adjusting the vagal stimulation
912 based on the monitored physiological parameters. For
example, the therapeutic vagal stimulation may be adjusted if
the ST-deviation of the electrical activity of the patient’s heart
has not decreased. The delivery of therapeutic vagal stimula-
tion 908 may be similar to the delivery of vagal stimulation
110 described herein with reference to FIG. 3. Further, check-
ing/analyzing the monitored physiological parameters 910
and adjusting the vagal stimulation 912 may include pro-
cesses similar to portions of the vagal stimulation adjustment
method 300 described herein with reference to FIG. 5.

In at least one embodiment, therapeutic vagal stimulation
may be delivered 908 until the physiological parameters of
the patient (e.g., the electrical activity of the patient’s heart)
indicate that the progression of the AMI has ceased. In other
words, the delivery of therapeutic vagal stimulation 908 may
be terminated if the physiological parameters indicate cessa-
tion of the progression of the AMI. For example, if the ST-
deviation of the electrical activity of the patient’s heart has
decreased, then the progression of the AMI may have ceased
and the therapeutic vagal stimulation may be terminated.

Further, if the method 900 has not determined that the
monitored physiological conditions indicate acute myocar-
dial infarction/ischemia, a patient may trigger 907 the deliv-
ery of therapeutic vagal stimulation 910 if, e.g., the patient
experiences one or more symptoms indicative of acute myo-
cardial infarction/ischemia. In one or more embodiments, the
patient may trigger 907 the delivery of therapeutic vagal
stimulation through the use of telemetry, e.g., IMD telemetry
circuitry 64, or telemetry module, as described herein within
reference to FIG. 2.

Although method 900 describes the use of therapeutic
vagal stimulation to treat a myocardial infarction after a myo-
cardial infarction is detected, methods and devices disclosed
herein may be used to prevent, or lower the risk of, future
myocardial infarctions by enhancing the parasympathetic
activity of the vagus nerve (e.g., to counter surges in sympa-
thetic activity ) with preventative vagal stimulation. Such AMI
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prevention methods using preventative vagal stimulation may
be similar to the method 800 described herein with reference
to FIG. 10 (which describes a method of delivering vagal
stimulation for protection against future arrhythmias).

For example, as described herein, vagal stimulation may be
used to reduce the A-V interval, A-A interval, and V-V inter-
val, which it turn, may reduce the workload of the heart and
may reduce the inflammatory response, e.g., which may
lower the risk of future myocardial infarction/ischemia. In at
least one embodiment, preventative vagal stimulation for the
prevention of myocardial infarctions may be delivered peri-
odically, e.g., one or more times a day with a selected duration
and frequency. For example, preventative vagal stimulation
may be delivered in the early morning to counter a surge of
sympathetic activity, e.g., associated with a patient’s body
awakening. In other words, periods of preventative vagal
stimulation may correspond to periods of increasing sympa-
thetic activity, may be scheduled, and/or may be delivered
upon detection of an AMI. Further, for example, preventative
vagal stimulation may be delivered to a patient once an hour
while the patient is awake to assist in lowering the risk of a
myocardial infarction.

In at least one embodiment of a method for use in treating
a patient with vagal stimulation to lower the risk of a myo-
cardial infarction, the method may include monitoring physi-
ological parameters of a patient including the electrical activ-
ity of the patient’s heart and the electrical activity of the
patient’s vagus nerve and detecting conditions indicative of
an increased risk of myocardial infarction (e.g., a ST-devia-
tion, a selected number of ischemia episodes, ischemia bur-
den, a selected number of arrhythmic beats over a selected
time period, ST changes at rest, delta ST in conjunction with
bradyarrhythmias, etc.) using the monitored physiological
parameters. Further, in at least one embodiment, once a
patient has experienced an AMI, then the preventative method
may be invoked (e.g., an IMD may be implanted to deliver
preventative vagal stimulation).

Such monitored physiological parameters may be ana-
lyzed. For example, the electrical activity of the patient’s
vagus nerve may be analyzed to determine if it indicates an
increase in sympathetic activity. Upon at least one indication
of'an increase in sympathetic activity in the electrical activity
of the patient’s vagus nerve (e.g., monitored physiological
parameters that indicate that the patient has awaken from
sleep), the preventative method may deliver preventative
electrical stimulation to the patient’s vagus nerve to decrease
at least one of the workload and inflammation of the patient’s
heart. In one or more embodiments, the delivery of preventa-
tive electrical stimulation to the patient’s vagus nerve may be
synchronized to blanking periods associated with the
R-waves within the electrical activity of the patient’s heart.
Further, in one or more embodiments, the methods may fur-
ther include adjusting the electrical stimulation delivered to
the patient’s vagus nerve based on the analysis of the moni-
tored physiological parameters until the P-R intervals, A-A
intervals, and/or V-V intervals within the electrical activity of
the patient’s heart have increased to a level that reduces the
workload of the patient’s heart.

Further, as shown in FIG. 11, after using therapeutic vagal
stimulation treat a detected acute myocardial infarction, the
method 900 may deliver preventative vagal stimulation 914
(e.g., periodically) to assist in lowering the risk of future
myocardial infarctions (e.g., by decreasing workload, etc.).

To reduce AT/AF symptoms, the ventricular rate may be
slowed down during AT/AF with vagal stimulation. Battery
life, however, may be a limiting factor in delivering vagal
stimulation for reducing AT/AF symptoms. As such, it may be

10

15

20

25

30

35

40

45

50

55

60

65

28

advantageous for battery life to only deliver vagal stimulation
to reduce AT/AF symptoms when certain sudden changes
occur (e.g., observed changes in atrial rhythm or in ventricu-
lar rhythm).

FIG. 12 is a flow chart of an exemplary method 1000 of
delivering vagal stimulation during atrial tachycardia or
fibrillation. The method 1000 includes determining if a
VT/VF episode is in progress 1002. If a VI/VF is detected,
the method 1000 deactivates any ongoing vagal stimulation.

IfaVT/VF is not detected, the method 1000 may determine
if an AT/AF is occurring 1008 (e.g., the method may analyze
monitored physiological parameters of the patient for evi-
dence indicative of AT/AF). For example, if the P-P interval
median is less than the R-R interval median (e.g., over a
certain time period) when the R-R interval median is greater
than the fibrillation detection interval (FDI) and less than the
tachycardia detection interval (TDI) or when the R-R interval
median is less than the fibrillation detection interval (FDI),
then an AT/AF may be occurring. Further, for example, if the
sinus tachycardia counter (e.g., PR Logic Sinus Tach CRM
counter) is less than 6 (or any other set number) (e.g., not
sinus tachycardia), then an AT/AF may be occurring. Still
further, for example, if the R-R interval median is smaller
than a selected value (e.g., a programmable minimum) and is
greater than or equal to the VagalStimMaxLimit (i.e., the
largest median R-R interval where vagal stimulation should
be applied which may be between about 300 ms and about
440 ms such as, e.g., about 300 ms, about 310 ms, about 360
ms, about 440 ms, etc.), then an AT/AF may be occurring. If
it is determined that an AT/AF is not detected, the method
1000 may continue monitoring 1006 the physiological
parameters of the patient (e.g., similar to the data collection
102 as described herein with reference to FIG. 3).

Ifan AT/AF is detected, the method 1000 may determine if
the sum of the VI/VF count is greater or less than a selected
value (e.g., 7) 1010, which may be similar to the V-V interval/
count detection process 604 described herein with reference
to FIG. 8. Ifthe sum of'the VT/VF count is less than 7, then the
method 1000 may continue monitoring 1006 the physiologi-
cal parameters of the patient.

Ifthe VI/VF count is greater than 7, then the method 1000
proceeds to deploy vagal stimulation synchronized to the
QRS complexes 1012 (e.g., in the blanking periods following
the R-waves) of the electrical activity of the patient’s heart.
For example, the vagal stimulation 1012 may include bursts
having up to a maximum of 8 pulses per burst, a frequency of
about 50 hertz, an amplitude up to a maximum of about 8
volts, and a maximum pulse width of about 1.5 ms.

During and/or after the delivery of vagal stimulation 1012,
the method 1000 may include determining whether termina-
tion criteria have been satisfied 1014, which may be similar to
evaluating the performance 414 of the patient’s physiological
parameters in response to the vagal stimulation described
herein with reference to FIG. 6. The termination criteria of
process 1014 may include determining whether a minimum
response occurs after a burst of vagal stimulation (e.g.,
whether the average of the previous 4 R-R intervals is greater
than the R-R median interval at burst start plus 150 ms, etc.),
whether a VI/VF is detected (which, as described herein,
may be delayed due to the vagal stimulation, e.g., by a maxi-
mum of about 3 seconds), whether a shorter V-V interval is
detected after the vagal stimulation (e.g., if the V-V interval is
shorter than or equal to twice the burst blanking intervals of
the vagal stimulation or if the V-V interval is less than the TDI
or FDI), if the VI/VF count increases, and/or whether a
specified burst time has been exceeded (e.g., 30 seconds).
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If the termination criteria have not been satisfied, the
method 1000 may continue to deliver vagal stimulation 1012.
If the termination criteria have not been satisfied, the method
1000 will discontinue any ongoing vagal stimulation and
continue to monitor 1006 the physiological parameters of the
patient.

Epidemiological studies have shown that a high heart rate
at rest is a risk factor for global cardiovascular mortality. A
rapid heart rate is associated with a variety of prognostic
factors indicative of worse heart conditions (e.g., hypoxemia,
anemia, low physical training status). The link between a high
resting heart rate and an increase in overall and cardiovascular
mortality has, however, been shown to be independent of
cardiac conditions that can contribute to an increase in the
resting heart rate, and persists after adjustment for other clas-
sic variables (e.g., sex, arterial pressure, etc.). A heart failure
patient experiences in case of lung edema an overcompensa-
tion, where the solution would be to lower the heart rate, and
therefore, lower the burden on the heart. Atherosclerosis
patients could benefit from reduced shear stress on the heart
due to a lower heart rate.

As discussed herein, vagal stimulation, e.g., AV node
stimulation, may be effective to reduce ventricular rate (in
other words, to increase the R-R interval), especially if intrin-
sically conducted via the AV node in case of atrial tach-
yarrhythmias. Further, another way to reduce heart rate is
through vagal stimulation near the sinus node to directly
reduce the heart rate (e.g., within a defined range). The reduc-
tion of the ventricular rate or heart rate is dependent on the
parameters of the vagal stimulation delivered to the patient.
For example, the higher the energy (e.g., higher amplitude,
higher the impulse duration, longer burst train frequency), the
slower the ventricular rate (or, the longer the R-R interval).
Such vagal stimulation techniques may be suitable for
patients with atrial tachyarrhythmias and fast atrial events
conducted in the ventricle.

Further, even if a patient is in sinus rhythm, the ventricular
rate could be slower than the atrial rate during intrinsic con-
duction, which may be valuable for certain health conditions.
Due to ongoing intrinsic conduction into both ventricular
chambers (e.g., intrinsic conduction may indicate that the
heart’s electrical system is intact—in other words, the heart is
capable of initiating a depolarization of cardiac cells and such
depolarization is capable of spreading throughout the heart
without assistance (e.g., without vagal stimulation)), there
may be no worsening effects like right apical pacing, espe-
cially for patients with heart failure and no bundle branch
block. As such, there may be no need to slow down the heart
rhythm with drugs (e.g., beta blockers) and accelerate itagain
(e.g., DDDR/VVIR/DDIR pacing). Further, pacing modes
(e.g., DDDR/VVIR/DDIR) may be switched only when the
patient needs it, even in patients with healthy AV nodes.

FIG. 13 is a flow chart of another exemplary method 1100
of controlling ventricular rate by adjusting vagal stimulation.
The method 1100 includes monitoring physiological param-
eters 1102 (e.g., accelerometer sensing, lung fluid status (e.g.,
using Medtronic Optivol), blood pressure (e.g., using hemo-
dynamic sensors or optical sensors), pressure drop, ST seg-
ment analysis, etc.), which may be substantially similar to
data collection process 102 described herein with reference to
FIG. 3. Periodically and/or concurrently with the monitoring
of physiological parameters 1102, the method 1100 includes
determining if the ventricular rate (or, e.g., the V-V interval)
is within an optimal range 1104. The optimal range may be
variable depending on the activity level of the patient. For
instance, the optimal range at rest may be different than
optimal range during activity/exercise. As such, the lower
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bound and/or the upper bound of the optimal range may be
changed based on monitored levels of activity and/or stress of
the patient. In at least one embodiment, the optimal range for
the ventricular rate may be about 50 beats per minute to about
100 beats per minute. If the ventricular rate is within the
optimal range, the method 1100 continues monitoring the
ventricular rate 1106 and either periodically or concurrently
determines if the ventricular rate (or, e.g., the V-V interval) is
within an optimal range 1104.

Ifthe ventricular rate falls outside of the optimal range, the
method 1100 may determine if the ventricular rate is either
too low or too high 1107. In at least one embodiment, the
ventricular rate may be determined to be too low if it is less
than the lower bound of the optimal range and may be deter-
mined to be too high if it is higher than the upper bound of the
optimal range (and, e.g., monitored levels of activity and/or
stress do not indicate a need for the patient to have a higher
rate).

If the ventricular rate is determined to be too low, the
method 1100 checks whether AV node stimulation (e.g., vagal
stimulation) is currently being delivered 1108 (e.g., bursted).
If the AV node stimulation is not currently being delivered,
then the method 1100 may deliver AV node stimulation 1110
at selected parameters based on the monitored one or more
physiological parameters such as V-V intervals, pressure
recordings, heart sound, lung sound, tissue perfusion, etc.
thereby moditying the ventricular rate or heart rate within an
optimal range. Although the normal heart rate range may be
defined as about 60 beats per minute (bpm) to about 100 bpm,
many heart failure patients may not be able to tolerate a high
rate near 100 bpm. Therefore, an optimal rate should be
defined as a rate that will not worsen cardiac condition and/or
may improve cardiac function. For example, if a particular
patient develops heart failure symptoms when their heart rate
is 90 bpm, then using vagal stimulation to reduce their heart
rate to 70 bpm would be considered as improving their car-
diac function. If AV node stimulation (e.g., the AV node
stimulation that was causing the AV node conduction block)
was currently being delivered, then the method 1100 may
reduce the presently delivered AV node stimulation energy
1112to, e.g., stimulation parameters less than those used in an
AV node block, to allow the ventricular rate to increase and be
within the optimal range. Methods of reducing the AV node
stimulation energy 1112 may include reducing the amplitude,
pulse widths, pulse frequency, and/or burst length (e.g., num-
ber of pulses per burst).

If the ventricular rate is determined to be too high, the
method 1100 checks whether AV node stimulation (e.g., vagal
stimulation) is currently being delivered, or bursted 1114. If
the AV node stimulation is not currently being delivered, then
the method 1100 may start delivering AV node stimulation
bursts 1116 at selected parameters thereby stimulating the
heart chambers to, e.g., achieve a ventricular rate within the
optimal range. If the AV node stimulation was currently being
delivered, then the method 1100 may increase the presently
delivered AV node stimulation energy 1118 to allow the ven-
tricular rate to decrease and be within the optimal range.
Methods of increasing the AV node stimulation energy 1118
may include reducing the amplitude, pulse widths, pulse fre-
quency, and/or burst length (e.g., number of pulses per burst).
Further, in at least one embodiment, an alternative method of
decreasing the heart rate into the optimal range may include
intracardiac vagal stimulation near the sinus node.

After the AV node stimulation has either been started,
increased, or decreased, the method 1100 may return to moni-
toring the ventricular rate 1106 and checking if the ventricular
rate is within the optimal range 1104.
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In other words, the method 1100 may continually loop and
adjust the vagal stimulation, or AV node stimulation, to, e.g.,
increase or decrease the R-wave intervals of the electrical
activity of a patient’s heart. For example, the method may
include increasing the electrical stimulation delivered to the
patient’s vagus nerve if the intervals between the R-waves
within the electrical activity of the patient’s heart are less than
a first selected value (e.g., about 600 ms to about 700 ms) and
decreasing the electrical stimulation if the intervals between
the R-waves within the electrical activity ofthe patient’s heart
are greater than a second selected value (e.g., about 1000 ms
to about 1200 ms). Increasing the electrical stimulation may
include at least one of increasing the voltage of the electrical
stimulation, increasing the frequency of the electrical stimu-
lation, increasing the pulse width of each pulse of the electri-
cal stimulation, and increasing the number of pulses per burst
of pulses of the electrical stimulation. Likewise, decreasing
the electrical stimulation may include at least one of decreas-
ing the voltage of the electrical stimulation, decreasing the
frequency of the electrical stimulation, decreasing the pulse
width of each pulse of the electrical stimulation, and decreas-
ing the number of pulses per burst of pulses of the electrical
stimulation.

Cardiac contractility can be regulated via an internal
mechanism of Starling [.aw, which means that an increase in
preload (e.g., the pressure within the ventricle that stretches,
or increases the volume, of the ventricle of the heart) will
increase the contractility and vice versa. The preload is deter-
mined by the blood return to the ventricular chamber, and the
blood return is generally determined by the sucking effect of
ventricular relaxation followed by atrial contraction and a
small amount of spontaneous blood flow. The interval of
blood flow during atrial contraction and the spontaneous
blood flow is related to the P-R interval. Thus, the preload,
and thus contractility, of a patient’s heart may be regulated
using various methods and/or devices to, e.g., treat potential
heart failure.

FIG. 14 is a flow chart of an exemplary method 1200 of
delivering vagal stimulation to, e.g., regulate preload (vol-
ume/pressure) of a patient’s heart. The method 1200 includes
P-Q interval collection 1202 in which the electrical activity
(e.g., the P-Q intervals) of the patient’s heart is monitored.
The method 1200 further includes ventricular pressure col-
lection 1204 in which the pressure of one or both the patient’s
ventricles is monitored. Although shown in FIG. 14 as being
consecutive, processes 1202, 1204 may occur concurrently
and/or in any order. Further, although not shown, the method
1200 may also monitor other various physiological param-
eters, which may be substantially similar to the data collec-
tion process 102 described herein with reference to FIG. 3.

Periodically and/or concurrently with P-Q interval collec-
tion 1202 and ventricular pressure collection 1204, the
method 1200 includes determining if the P-Q intervals of the
electrical activity of the patient’s heart are less than a selected
P-Q threshold value 1206 and determining if the ventricular
pressure is greater than a selected ventricular pressure thresh-
old value 1208.

The selected P-Q threshold value may be representative of
the optimal P-Q interval for regulating preload and cardiac
contractility to maintain health cardiac conditions. For
example, the selected P-Q threshold value may be between
about 180 ms to about 220 ms (e.g., depending on the cardiac
health of the patient, the level of activity of the patient, etc.).
If the monitored P-Q interval of the patient (e.g., an average
P-Q interval over multiple cardiac cycles, etc.) is greater than
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the selected P-Q threshold value, then the method 1200 may
return to P-Q interval collection 1202 and/or ventricular pres-
sure collection 1204.

The selected ventricular pressure threshold value may be
representative of the maximum ventricular pressure for regu-
lating preload and cardiac contractility to maintain healthy
cardiac conditions. For example, the selected ventricular
pressure threshold value (e.g., of the end-diastolic pressure)
may be between about 5 millimeters of mercury (mmHg) to
about 20 mmHg (e.g., depending on the cardiac health of the
patient, the level of activity of the patient, etc.). If the moni-
tored ventricular pressure of the patient (e.g., sampled ven-
tricular pressure of a period time, etc.) is less than the selected
ventricular pressure threshold value, then the method 1200
may return to P-Q interval collection 1202 and/or ventricular
pressure collection 1204.

If the monitored P-Q interval of the patient is less than the
selected P-Q threshold value and the monitored ventricular
pressure (e.g., the ventricular end-diastolic pressure) of the
patient is greater than the selected ventricular pressure thresh-
old value, then the method 1200 may deliver cardiac nerve
stimulation 1210 (e.g., vagal stimulation), which may be
substantially similar to the delivery of vagal stimulation 110
described herein with reference to FIG. 3. Further, before,
after, and/or during the cardiac nerve stimulation process
1210, criteria, termination criteria, and/or clock criteria may
be evaluated 1212, which may be similar to the processes 410,
414, and 416 described herein with respect to FIG. 6. Further,
the evaluation process 1212 may further include criteria
based on ventricular pressure.

In other words, the method 1200 may monitor the electrical
activity of a patient’s heart, monitor the ventricular pressure
of'the patient’s heart, and deliver electrical stimulation to the
patient’s vagus nerve based on the electrical activity and
ventricular pressure of the patient’s heart to, e.g., regulate
preload and contractility. In at least one embodiment, the
method may initiate the delivery of electrical stimulation to
the patient’s vagus nerve if an average of the P-R intervals of
the electrical activity of the patient’s is less than a selected
P-R value and the ventricular pressure of the patient’s heart is
less than a selected pressure value.

FIG. 15 is a flow chart of another exemplary method 1300
of delivering cardiac therapy. The method 1300 includes P-Q
interval collection 1302, which is substantially similar to
process 1202 described herein with reference to FIG. 14.

Periodically and/or concurrently with P-Q interval collec-
tion 1302, the method 1300 includes determining if the moni-
tored P-Q interval of the electrical activity of the patient’s
heart (e.g., average P-Q interval of a period time or number of
cardiac cycles, etc.) are less than a selected maximum P-Q
threshold value 1304. The selected maximum P-Q threshold
value may be representative of the maximum P-Q interval
indicative of improper preload and contractility of the heart,
cardiac arrest, etc. For example, the selected maximum P-Q
threshold value may be between about 200 ms to about 250
ms (e.g., depending on the cardiac health of the patient, the
level of activity of the patient, etc.). If the monitored P-Q
interval of the patient is less than the selected maximum P-Q
threshold value, then the method 1300 may begin a process of
delivering cardiac nerve stimulation 1306 to, e.g., treat poten-
tial heart failure, similar to the method 1200 described herein
with reference to FIG. 14.

If the monitored P-Q interval of the patient is greater than
selected maximum P-Q threshold value, then the patient may
be undergoing symptoms indicative of unhealthy cardiac
function. As a result, the method 1300 will deliver electrical
pacing therapy 1310, e.g., premature nodal pacing. The elec-
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trical pacing therapy 1310 may include bradycardia pacing,
cardiac resynchronization therapy, and/or other pacing thera-
pies to modity the patient’s heart rhythm for regulating pre-
load and cardiac contractility to maintain healthy cardiac
conditions.

Periodically and/or concurrently with electrical pacing
therapy 1310, the method 100 may determine if the monitored
P-Q interval of the patient is less than the selected minimum
P-Q threshold value 1312. The selected minimum P-Q thresh-
old value may be representative of the minimum P-Q interval
indicative of improper preload and contractility of the heart,
cardiac arrest, etc. For example, the selected minimum P-Q
threshold value may be between about 180 ms to about 220
ms (e.g., depending on the cardiac health of the patient, the
level of activity of the patient, etc.). If the P-Q intervals of the
patient are less than the selected minimum P-Q threshold
value, then the method 1300 may return to P-Q interval col-
lection 1302.

If the monitored P-Q interval of the patient is greater than
the selected minimum P-Q threshold value, then the method
1300 may continue delivering electrical pacing therapy 1310.
Further, before, after, and/or during the electrical pacing
therapy 1310, adjustment criteria may be evaluated 1314 and
the electrical pacing therapy may be adjusted. Process 1314
may be similar to the processes 312 and 314 described herein
with respect to FIG. 5 except, in this case, electrical pacing
therapy as opposed to vagal stimulation may be adjusted.
Further, the adjustment process 1314 may further include
criteria based on ventricular pressure. Still further, process
1314 may further include various criteria, termination crite-
ria, and/or clock criteria processes, which may includes pro-
cesses similar to the processes 410, 414, and 416 described
herein with respect to FIG. 6. In other words, method 1300
may switch between electrical stimulation to the patient’s
vagus nerve and electrical pacing therapy to the patient’s
heart based on the monitored electrical activity of the
patient’s heart.

If the monitored P-Q interval of the patient is greater than
the selected minimum P-Q threshold value, then the method
1300 may continue delivering electrical pacing therapy 1310.
Further, before, after, and/or during the electrical pacing
therapy 1310, adjustment criteria may be evaluated 1314 and
the electrical pacing therapy may be adjusted. Process 1314
may be similar to the processes 312 and 314 described herein
with respect to FIG. 5 except, in this case, electrical pacing
therapy as opposed to vagal stimulation may be adjusted.
Further, the adjustment process 1314 may further include
criteria based on ventricular pressure. Still further, process
1314 may further include various criteria, termination crite-
ria, and/or clock criteria processes, which may be similar to
the processes 410, 414, and 416 described herein with respect
to FIG. 6.

In other words, method 1300 may switch between electri-
cal stimulation to the patient’s vagus nerve and electrical
pacing therapy to the patient’s heart based on the monitored
electrical activity of the patient’s heart and/or monitored ven-
tricular pressure.

Further, situations may arise where vagal stimulation is
being delivered to the heart of the patient for various reasons
other than regulating preload and contractility. In these situ-
ations, cardiac pacing or nodal cardiac pacing may be deliv-
ered simultaneously with the vagal stimulation to attempt to
shorten the P-R interval such that the vagal stimulation does
not need to be adjusted (e.g., decreased).

In one or more embodiments described herein, vagal
stimulation may also be delivered in response to premature
ventricular beats, observed changes in parasympathetic/sym-
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pathetic balance (e.g., as derived from low frequency/high
frequency ratio of the Fourier spectrum of HRV), TWA
changes, HRT changes, baroflex changes as derived from
pressure and HR, etc. In essence, such criteria may be a
sub-threshold for delivering vagal stimulation before delay-
ing the ventricular rate.
Still further, reentrant SVTs (e.g., AV nodal reentrant
tachycardia, AV nodal tachycardia, etc.) may only require a
brief AV block (e.g., one heart beat) for treatment. As such,
vagal stimulation could be triggered upon detection of a reen-
trant SVT to cause a temporary AV block, which may lead to
painless termination of the reentrant SVT.
Yet still further, the methods described herein may be used
with or integrated with Medtronic Wavelet and/or EGM
Width algorithms or other algorithms operable to compare
intrinsic morphology and/or width of EGM for ventricular
arrhythmia detection to, e.g., assess whether a “sure true” or
“real” VI/VF.
All patents, patent documents, and references cited herein
are incorporated in their entirety as if each were incorporated
separately. This disclosure has been provided with reference
to illustrative embodiments and is not meant to be construed
in a limiting sense. As described previously, one skilled in the
art will recognize that other various illustrative applications
may use the techniques as described herein to take advantage
of the beneficial characteristics of the apparatus and methods
described herein. Various modifications of the illustrative
embodiments, as well as additional embodiments of the dis-
closure, will be apparent upon reference to this description.
What is claimed is:
1. A device for delivery of vagal stimulation comprising:
monitoring apparatus configured to monitor physiological
parameters of a patient, wherein the monitoring appara-
tus comprises at least one electrode to monitor the elec-
trical activity of the patient’s heart;
a sensing module coupled to the monitoring apparatus and
configured to receive the monitored physiological
parameters;
a therapy delivery module configured to deliver electrical
stimulation to the patient’s vagus nerve; and
a control module coupled to the sensing module and to the
therapy delivery module and configured to:
analyze the monitored physiological parameters after
delivery of electrical stimulation to the patient’s
vagus nerve,

adjust the electrical stimulation delivered to the patient’s
vagus nerve based on the analysis of the monitored
physiological parameters,

determine whether the patient’s cardiac condition is
worsening after the delivery of electrical stimulation
to the patient’s vagus nerve,

terminate the delivery of electrical stimulation to the
patient’s vagus nerve if the patient’s cardiac condition
is worsening,

store the parameters of the electrical stimulation deliv-
ered to the patient’s vagus nerve associated with the
worsening of the patient’s cardiac condition, and

deliver, at a later time following termination of the deliv-
ery of electrical stimulation to the patient’s vagus
nerve, electrical stimulation to the patient’s vagus
nerve at one or more stimulation parameters, wherein
the control module is configured to prevent, at the
later time following termination of the delivery of
electrical stimulation, delivery of the electrical stimu-
lation to the patient’s vagus nerve at the previously
stored parameters associated with the worsening of
the patient’s cardiac condition.
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2. The device of claim 1, wherein determining whether the
patient’s cardiac condition is worsening comprises determin-
ing whether the monitored physiological parameters of the
patient indicate at least one of atrial fibrillation, ventricular
arrhythmia, mechanical functional deterioration, and syn-
cope, and wherein terminating the delivery of electrical
stimulation to the patient’s vagus nerve ifthe patient’s cardiac
condition is worsening comprises terminating the delivery of
electrical stimulation to the patient’s vagus nerve if the moni-
tored physiological parameters of the patient indicate at least
one of atrial fibrillation, ventricular arrhythmia, mechanical
functional deterioration, and syncope.

3. The device of claim 1, wherein the control module is
further configured to control the delivery electrical stimula-
tion to the patient’s vagus nerve to be synchronized to blank-
ing periods associated with either of the P-waves or the
R-waves within the electrical activity of the patient’s heart.

4. The device of claim 3, wherein the control module is
further configured to adjust the electrical stimulation by
changing the synchronization of the delivery of the electrical
stimulation from synchronization with a blanking period
associated with one of either of the P-waves or the R-waves to
synchronization with the blanking period associated with the
other.

5. The device of claim 4 further comprising determining
existence of VI/VF.

6. The device of claim 1, wherein the control module is
further configured to control the execution of at least one of:

adjusting the electrical stimulation if the R-R intervals

within the electrical activity of the patient’s heart have
not changed in response to the delivery of electrical
stimulation to the patient’s vagus nerve,

adjusting the electrical stimulation if the P-R intervals

within the electrical activity of the patient’s heart have
not changed in response to the delivery of electrical
stimulation to the patient’s vagus nerve, and

adjusting the electrical stimulation if the morphology of

the R-waves of the electrical activity of the patient’s
heart has not changed in response to the delivery of
electrical stimulation to the patient’s vagus nerve.

7. The device of claim 1, wherein the control module is
further configured to control the execution of at least one of:

increasing the electrical stimulation if the R-R intervals

within the electrical activity of the patient’s heart are less
than a first selected value, wherein increasing the elec-
trical stimulation comprises at least one of increasing the
voltage of the electrical stimulation, increasing the fre-
quency of the electrical stimulation, increasing the pulse
width of each pulse of the electrical stimulation, and
increasing the number of pulses per burst of pulses of the
electrical stimulation, and

decreasing the electrical stimulation if the R-R intervals

within the electrical activity of the patient’s heart are
greater than a second selected value, wherein decreasing
the electrical stimulation comprises at least one of
decreasing the voltage of the electrical stimulation,
decreasing the frequency of the electrical stimulation,
decreasing the pulse width of each pulse of the electrical
stimulation, and decreasing the number of pulses per
burst of pulses of the electrical stimulation.

8. A method of delivering vagal stimulation comprising:

monitoring physiological parameters of a patient, wherein

the physiological parameters comprise the electrical
activity of the patient’s heart;

delivering electrical stimulation to the patient’s vagus
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analyzing the monitored physiological parameters after
delivering electrical stimulation to the patient’s vagus
nerve;

adjusting the electrical stimulation delivered to the

patient’s vagus nerve based on the analysis of the moni-
tored physiological parameters;

determining whether the patient’s cardiac condition is

worsening after delivering electrical stimulation to the
patient’s vagus nerve;

terminating the delivery of electrical stimulation to the

patient’s vagus nerve if the patient’s cardiac condition is
worsening;
storing the parameters of the electrical stimulation deliv-
ered to the patient’s vagus nerve associated with the
worsening of the patient’s cardiac condition;

delivering, at a later time following termination of the
delivery of electrical stimulation to the patient’s vagus
nerve, electrical stimulation to the patient’s vagus nerve
at one or more stimulation parameters; and

preventing, at the later time following termination of the

delivery of electrical stimulation, delivery of the electri-
cal stimulation to the patient’s vagus nerve at the previ-
ously stored parameters associated with the worsening
of the patient’s cardiac condition.

9. The method of claim 8, wherein determining whether the
patient’s cardiac condition is worsening comprises determin-
ing whether the monitored physiological parameters of the
patient indicate at least one of atrial fibrillation, ventricular
arrhythmia, mechanical functional deterioration, and syn-
cope, and wherein terminating the delivery of electrical
stimulation to the patient’s vagus nerve if the patient’s cardiac
condition is worsening comprises terminating the delivery of
electrical stimulation to the patient’s vagus nerve if the moni-
tored physiological parameters of the patient indicate at least
one of atrial fibrillation, ventricular arrthythmia, mechanical
functional deterioration, and syncope.

10. The method of claim 8, wherein the delivery of electri-
cal stimulation to the patient’s vagus nerve is synchronized to
blanking periods associated with either of the P-waves or the
R-waves within the electrical activity of the patient’s heart.

11. The method of claim 10, wherein adjusting the electri-
cal stimulation comprises changing the synchronization of
the delivery of the electrical stimulation from synchroniza-
tion with a blanking period associated with one of either of the
P-waves or the R-waves to synchronization with the blanking
period associated with the other.

12. The method of claim 8, wherein adjusting the electrical
stimulation delivered to the patient’s vagus nerve based on the
analysis of the monitored physiological parameters com-
prises at least one of:

adjusting the electrical stimulation if the R-R intervals

within the electrical activity of the patient’s heart have
not changed in response to the delivery of electrical
stimulation to the patient’s vagus nerve,

adjusting the electrical stimulation if the P-R intervals

within the electrical activity of the patient’s heart have
not changed in response to the delivery of electrical
stimulation to the patient’s vagus nerve, and

adjusting the electrical stimulation if the morphology of

the R-waves of the electrical activity of the patient’s
heart has not changed in response to the delivery of
electrical stimulation to the patient’s vagus nerve.

13. The method of claim 8, wherein adjusting the electrical
stimulation delivered to the patient’s vagus nerve based on the
analysis of the monitored physiological parameters com-
prises at least one of:
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increasing the electrical stimulation if the R-R intervals
within the electrical activity of the patient’s heart are less
than a first selected value, wherein increasing the elec-
trical stimulation comprises at least one of increasing the
voltage of the electrical stimulation, increasing the fre- 5
quency of the electrical stimulation, increasing the pulse
width of each pulse of the electrical stimulation, and
increasing the number of pulses per burst of pulses of the
electrical stimulation, and

decreasing the electrical stimulation if the R-R intervals 10
within the electrical activity of the patient’s heart are
greater than a second selected value, wherein decreasing
the electrical stimulation comprises at least one of
decreasing the voltage of the electrical stimulation,
decreasing the frequency of the electrical stimulation, 15
decreasing the pulse width of each pulse of the electrical
stimulation, and decreasing the number of pulses per
burst of pulses of the electrical stimulation.
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